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CHAPTER 1 & 2

GENERAL INTRODUCTION
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GENERAL INTRODUCTION:
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APOPTOSIS



1O CHAPTER 1

In the first part of the chapter we will outline the impact of apoptosis on myocardial
ischemia and infarction. Next, we will discuss the role of apoptosis in disease in general
and in cardiac disease. The field of apoptosis has developed quickly during the last
10-15 years, and provides us with potential targets for intervention in apoptosis in
different diseases, including acute myocardial infarction.

1 . 1 . A C U T E M Y O C A R D I A L I N F A R C T I O N

THE BURDEN OF MYOCARDIAL INFARCTION

Acute myocardial infarction (AMI) is a clinical syndrome that results from injury of
myocardial tissue caused by an imbalance between myocardial oxygen supply and
demand.'AMI usually occurs bec!ause of a sudden rupture of a vulnerable
atherosclerotic plaque in a coronary artery leading to coronary occlusion.-''"• Patients
with AMI frequently have risk factors for the development of coronary artery disease
such as increased cholesterol levels, diabetes, hypertension, smoking, a sedentary life
style, and a family history of early coronary artery disease.' However, absence of risk
factors does not eliminate the possibility of AMI. Each year there are about 1.5 million
patients with AMI in the United States and there are approximately 950,000 deaths.'
This is 40.6 percent of all deaths or 1 in every 2.5 deaths. Cardiovascular disease claims
more lives each year than the next 6 leading causes of death combined.'' In patients
who survive the acute stage of an AMI, the morbidity and mortality range from 1.5 to 15
times that of the general population. The incidence of re-infarction, sudden death,
angina pectoris, cardiac failure, and stroke are substantial. Within 6 years following
survival from an AMI, 18 percent of men and 35 percent of women have a recurrent
infarction. 8 percent of men and 11 percent of women will have a stroke and sudden
death occurs in 7 percent.' Therefore, the disease burden arising from cardiovascular
disease remains high and continues to have a high emotional, social and financial
impact on our society.

1 .1 .2 . T R E A T M E N T O F A C U T E M Y O C A R D I A L I N F A R C T I O N

Treatment of AMI today is focused on re-opening, as early as possible, of the occluded
coronary artery: the so-called reperfusion therapy. Large clinical trials have shown that
reperfusion therapy with thrombolytic agents and/or invasive coronary intervention
(balloon and/or stent) results in smaller infarctions and better survival. However,
despite these successes, up to 40% of patients with acute myocardial infarction develop
heart failure, due to loss of myocardial cells during infarction. Since the heart is mini-
mally able to replace cardiomyocytes lost following myocardial infarction, it is impor-
tant to find ways to protect the cardiac cells from dying during infarction.^ Therefore,



treatments that aim to inhibit cell death during mvocardial infarction deserve serious
attention. Despite many promising results in experimental models ol myot .11 dial infarc-
tion, no benefit of cell death inhibiting compounds has yet been shown in the patient
with AMI.'*"" Most of these novel treatments attempt to intervene in the apoptotic
program, the intrinsic suicide program of the cell.

C E L L DEATH DURING AMI; W H E N A N D HOW?

In the last decade, there has been a continuing debate on the presence and contribution
of apoptosis to the amount of myocardial injury during ischemia and reperfusion.''' "
Until the nineties, most researchers believed that during myo< ardial is« hernia
cardiomyocytes mostly died from necrotic cell death. In I'I'M, the group ol (iottlieh
showed that rabbit cardiomyocytes //) wfro exhibit many lealuies ol apoplosis, when
subjected to ischemia and reperfusion.'" The controversy on apoptosis and necrosis
was stirred by a paper of Anversa's group, demonstrating that a substantial fraction of
cells dying during ischemia and reperfusion showed signs nlapoptolu < ell death in .1 rat
model of cardiac ischemia.''' The apoptotic cells were idenlihed by moiphologic al
criteria, the terminal dUTP nick end labelling assay (TUNED and DNA laddering. This
finding was intriguing, since it implied that cell death during infarction might be
amenable to anti-apoptotic interventions, for instance by novel anti-apoptotic
compounds. After the initial finding of apoptosis in the heart following isc hernia, many
research groups started to focus on this topic' '-'"-'•• In post mortem studies in patients
suffering form myocardial infarction and undergoing percutaneous intervention,
TUNEL positive cardiomyocytes were observed, suggestingth.il in myocardial is« hernia
in humans apoptosis could be an important contributing factor.-' '•••'' In addition,
researchers reported a decreased infarct size in rats treated with apoptosis inhibiting
compounds, like caspase inhibitors.' ''•-^ These data suggest that inhibition of one of the
key steps in the apoptotic program may be of benefit to limit myocardial injury
following infarction.

The finding that apoptosis in the heart occurs following ischemia and reperfusion, has
been an inspiration for cardiac researchers, but also fuelled controversy. First, investiga-
tors using electron microscopic (EM) analysis to demonstrate apoptosis of
cardiomyocytes failed to find the typical apoptotic cardiomyocytes in the myocardium
following ischemia.''' Instead, they observed cell swelling, swelling of mitochondria
and disruption of microtubuli. These are characteristics of necrotic or oncotic cell
death. Secondly, other research groups observed that oncotic cardiomyocytes, exhib-
iting swelling and mitochondrial disruption may be TUNEL positive. This finding may
explain why some researchers have found TUNEL positive cardiomyocytes in hearts
subjected to ischemia and reperfusion.^''"
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One of the reasons why the debate on apoptosis versus necrosis is still ongoing might be
the lack of a method that is able to detect apoptosis in a rapid and accurate way. The
current techniques, such as DNA laddering, TUNEL assay and EM analysis require spec-
imens from the tissue of interest. This limits the temporal and spatial resolution of these
techniques. Therefore, we do not know how rapidly the apoptotic program is activated
following ischemia and reperfusion and how apoptosis proceeds once activation
occurs. This information is needed to define the potential therapeutic window of
anti-apoptotic compounds. Another key question is which fraction of dying cells
undergo .«poptosis and which fraction of dying cells undergo necrotic cell death. This
information is needed to define the potential benefit of anti-apoptotic compounds,
since these compounds, at least in theory, will not prevent classical necrotic cell death.
A third critical question is the definition of the point of no return in the cell death
program in cardiomyocytes following ischemia and reperfusion. One of the attractive
concepts in apoptosis is that cells may have some activation of the cell death program,
but will not die unless a critical point in the cell death program has been reached. This is
the so-called point of no return. The point of no return probably relates to activation of
key steps in the apoptotic program, such as the activation of executioner caspases, e.g.
caspase-.l. The passage of the point of no return is not yet defined in cardiomyocytes /n
v/vo following ischemia and reperfusion. Insight into the regulation and kinetics of the
cell death program will guide us to define the best possible anti-apoptotic strategy
following ischemia and reperfusion of the heart.

In conclusion, the lack of knowledge on the kinetics and mechanisms of cell death in
the heart, which is, at least in part, due the absence of a suitable detection method,
hampers the implementation of cell death inhibiting strategies into clinical trials. In the
next part of this chapter we will look at potential targets for inhibition of programmed
cell death. In chapter 2, we will examine the different methods to detect programmed
cell death and introduce the concept of Annexin-A5 as a method to detect programmed
cell death.

1.2 APOPTOSIS

In contrast to necrosis or accidental cell death, apoptosis is defined by tightly regulated
biochemical steps that finally result in activation of executioners of the cell death
program, the caspases.-'""' ' In the last 10-15 years a large number of researchers
have devoted their efforts to the elucidation of the regulation of apoptosis. One impor-
tant consequence of this work is that we are overwhelmed with potential targets to inter-
vene in the cell death program. The interventions may be pro-apoptotic in diseases such
as cancer, or anti-apoptotic in diseases such as an acute myocardial infarction and
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stroke.'*"••• A major challenge for translational scientists is to find the targets that will

be of clinical benefit/'' This field ot translational research in apoptosis will benefit from

rapid methods to measure or to visualize programmed cell death »n wVo. In the next

paragraph we will first discuss the history of apoptosis research, the role of apoptosis in

disease and the various morphological characteristics of programmed t ell death. Then

we will discuss our current understanding on how apoptosis is biochemically regulated

and address the implications of these findings for cardiac apoptosis.

1 . 2 . 1 . H I S T O R Y O F A P O P T O S I S R E S E A R C H

What we would today call true apoptosis, or programmed cell death, was first recog-

nized by Carl Vogt in 1842 who saw dying cells in the neuronal system ol developing

toad embryos.""' However, it is thought that the very first cells desc nbed, those Irom

cork, by Hooke in 1665, were from corpses that had died through the apoplotic

pathway/' After studies by Walther Hemming in 1 88"> and others, cell death remained

a subject of some interest in insect physiology. For instance, llya Mechnikov won the

Nobel prize in 1908 for his discovery of phagocytosis. In I 948 Saunders observed cell

death in chick limbs and in 1949 Hamburger begins the exploration of the nerve growth

factor.""' The morphological alterations in programmed cell death were described for

the first time in 1964, in the review of Saunders named 'shrinkage necrosis'. In 1972

Kerr first coined the term apoptosis to describe the process of programmed cell death.

Based on the characteristic morphology, it was proposed in 1972 th.it death of normal

but redundant cells (physioptosis), as well as some pathological ones (pathoptosis), are

suicides,"*^ i.e. the cells activate an intracellular death program and kill themselves in a

controlled way. From 1977, cell death genes have been studied extensively in the

nematode worm Caenorhabditis elegans. From then on DNA-ladders were observed

and apoptosis genes identified.'"' Apoptotic cells shrink and are then rapidly eaten by

neighboring cells, before there is any leakage of their contents. Their remnants, called

apoptotic bodies or blebs, are eaten and digested so quickly by neighboring cells and

phagocytes, that usually few dead cells are seen, even when large numbers of cells have

died. This could be the reason why apoptosis was neglected for so long/ ' '~ "

1 .2 .2 . ROLE OF APOPTOSIS IN HEALTH AND DISEASE

The insight that both normal and abnormal animal cells have a built-in death program

was a crucial one, as programmed cell death is essential for normal development in

morphogenesis, to control cell number, and as a defensive strategy to remove infected,

mutated, or damaged ce l ls / ' - ' ' When a cell in an organism dies due to a process

encoded by that organism for the purpose of killing its own cells, this mode of cell death

can be considered to be a physiological process. The great majority of our cells are
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destined to die by just such a mechanism; relatively few die as a rest* of injury or
inability to sustain their own viability.'''' In humans every second about undred thou-
sand cells are reproduced by mitosis, and a similar number die by apopto'S. Most of the
cells reproduced during mammalian embryonic development undergo^hysiological
cell death before the end of the perinatal period."•'"•'"•'•'> In this way cell >eath helps to
sculpt parts of the body, carving out cavities and separating digits. Durinjour life span,
over 99.9% of our cells undergo the same fate."*" It is being increasingl' realized that
either excessive apoptosis or lack of appropriate apoptosis plays a ole in many
diseases. In oncogenesis, loss of normal apoptosis results in excessive cei numbers. In
heart failure, apoptosis is related to progressive loss of functioning myoytes while in
autoimmune disorders diminished apoptosis permits immunologically c<npetent cells
to survive and to continue damaging healthy

Deregulation of apoptosis is believed to be a major contributor to theetiology and
pathology of cardiovascular diseases, congenital malformations, neundegenerative
diseases and cancer."'"' Its general acceptance took another 20 yars after the

discovery by Kerr. Studies in Caenorhabditis elegans identified genes dedicated to
apoptosis and its control.'''' With the discovery of similar genes in humans, the cell
death field transformed radically.*'̂ *'**

1.2.3. D I F F E R E N T M O R P H O L O G I E S O F P R O G R A M M E D C E L L

D E A T H

Current thinking indicates that apoptosis and necrosis constitute two extremes of a
spectrum.'"* Apoptosis is a genetically programmed and energy-requiring complex
series of events that permits the cell to die without inducing an inflammatory response.
The classical changes in apoptosis include cell shrinkage and formation of apoptotic
bodies. "•''*' The activation of endonucleases results in cleavage of chromatin into
typical oligonucleosomal-length DNA fragments of 180-200 basepairs and its multiple.
The chromatin marginalizes in dense crescent shaped aggregates under the nuclear
envelope as the nucleus becomes segmented. The sarcolemmal integrity is preserved
but convolution of membrane subdivides the cell into clusters of membrane-bound
sub-cellular organelles referred to as apoptotic bodies. Since cell swelling and
sarcolemmal disintegration does not occur, cytoplasmic contents are not released into
the extra-cellular space and inflammation is not provoked. The apoptotic bodies are
eventually phagocytized and removed.*•<>-•>-»- •> Identification of such cells is feasible
by histochemical characterization through biochemical markers (such as caspase acti-
vation and cytochrome c release from mitochondria) or morphologically by light and
electron microscopic examination.^~*' In contrast, cells that die accidentally in
response to an acute injury often do so by an uncontrolled process called necrosis. In
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necrosis, cells swell and burst, spilling their contents over their neighbors eliciting .1

damaging inflammatory response. It is a disorderly process and results in lot .il inllam

mation. '"•

Recent findings have shown that intermediate types of cell death exist, that may have

characteristics of both apoptotic and necrotic cell death."' " "•' '"• Some researchers

came up with unique terminology to describe these intermediate types ol tell death

Cnecroptosis' or 'aponecrosis'). Another classification has defined these intermediate

types of morphology as programmed cell death with a|>optotic morphology' and 'pro-

grammed cell death with necrotic morphology', respei lively. '•' The lattei type of t ell

death may be the most relevant in the ischemu heart, where mostly nri IOIK

cardiomyocytes are found, but activation of the apoptotic program is also observed, as

reflected by positive TUNEL assay and DNA laddering.''' The fad that activation of the

apoptotic program incurs during cardiac ist hemi.i suggests th.it ,it Ic.isi p.wt of the t ells

that are lost during ischemia may be saved through intervention in the tell death

program.'"• Post-mortem studies in patients with acute myocardial infarction have

shown a high frequency of TUNEL positive cardiomyocytes suggesting substantial acti-

vation of the cell death program in the infarcted area.*"'The apoptotic cells are predom-

inantly seen in the infarct borderzone where the severity of ischemic insult is milder.

However, upon reperfusion the infarct center shows an extensive mixture of apoptotic

and necrotic cells as some of the doomed cells are rescued from necrosis but die by

apoptosis. Furthermore, reperfusion injury may accelerate apoptosis in the cells in the

center of the infarct."'' '" ^''-'^ In the next paragraph we will discuss the potential targets

for intervention in the cell death program.

1 . 2 . 4 . C E L L D E A T H P A T H W A Y S

A lot of pioneering work in apoptosis signaling research has been done in the worm C.

elegans and the fruit fly Drosophila melanogaster.'•''•''"•"''""" The first studies in C.

elegans identified two genes, CED-3 and CED-4 (CED for cell death abnormal), required

for apoptosis in the worm. If either gene is inactivated by mutation, the 1 31 cell deaths

that normally happen duringthedevelopment of the worm (which has 1090 cells when

mature) fail to occur.'"'' Remarkably, the mutant worms with 131 extra cells have a

normal life span. In contrast, more complex animals cannot survive without apoptosis:

mutations that inhibit apoptosis in the fruit fly Drosophila melanogaster, for example,

are lethal early in development "", as are some mutations in mice.'"''

The protein encoded by the CED-3 gene was found to be very similar to the human

protein called interleukin-1-converting enzyme (ICE).''' The similarity between the

CED-3 and ICE proteins was the first indication that the death program depends on
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protein cleavage (proteolysis). Soon new members of the CED-3/ICE family of proteases
were identified, including more than ten in humans, many of which become activated
in apoptosis. They are all cysteine asgartic acid specific proteases, and therefore called
caspases.'"' Each caspase is made as a large, inactive precursor or procaspase, which is
activated, usually by another caspase.'^ In apoptosis, caspases are activated in an
amplifying proteolytic cascade, cleaving one another in sequence.^'

The molecular biology and biochemistry of the apoptotic death machinery are far from
being completely resolved. The apoptotic process shows great diversity in the signaling
pathways by which it is induced in various cell types. Beyond this diversity, three func-
tionally distinct phases of apoptosis, common to all cell types, can be distin-
guished.'' "" ' First, the /n/f/af/on phase starts by death inducing signals, like Fas ligand
and tumor necrosis factor a (TNFa) "" ' ' " ' a lack of growth and/or survival signals, or
DNA damage '"", which may devise the cell to prepare for suicide. This preparation
may proceed in a manner, which involves a subclass of proteases, the so-called
upstream or decision caspases."' The initiation phase results in the activation of the
second more general c/ec/s/on phase, in which the cell is still able to make the decision
to live. This phase is characterized, in most cases, by the involvement of the
mitochondrion.™><>'» This organelle provides the molecular links between the
upstream initiation phase and the downstream execution phase, by releasing apoptosis
inducing factor''", cytochrome c ""'••'', and procaspases-2, -3 and - 9 . ' " - " - ' When the
cell is committed to die, and thus the point of no return has been passed, the third phase,
the execution phase, is activated. This phase is characterized by the activation of the
downstream or effector caspases "', which subsequently orchestrate a sequence of
events by their hierarchical activation."" These events include loss of cell junctions, loss
of cell adhesion, cell shrinkage, chromatin condensation and margination, nuclear
pyknosis and fragmentation, membrane blebbing, and disassembly of the cell into
membrane-enclosed vesicles (apoptotic bodies)."'" Several events have been identified
on the biochemical level, including the degradation of DNA into fragments of multiples
of -200 base pairs, the proteolytic cleavage of poly(ADP-ribose) polymerase (PARP)
and cytoskeleton components, and the cell surface exposure of phosphatidylserine
(PS)." ' " ' - ' Two distinct, but mutually not exclusive, pathways have been described in
apoptotic cell death in mammalian cells, one occurring through death receptors

(extrinsic pathway) and the other through the mitochondria (intrinsic pathway).
22.107.122
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CELL DEATH RECEPTOR MEDIATED PROGRAMMED CELL DEATH
(EXTRINSIC PATHWAY) ««*.

In the death receptor pathway soluble or cell surface death ligands, such as TNI u and

Fas ligand bind to their corresponding receptors indiu ing the recruitment .iiitl ae liva-

tion of caspase-8 or -10 *"'•'-'' .thereby ,u tivating the i ell death mac hineiy (I iguic 1).

Activation of caspase precursors is achieved by adaptor proteins. Caspase 8 is activated

when death effector domains (DEDs) bind to the ('-terminal DID in the adaptor

FADO.'-'"* These caspases activate other downstream e aspases, sin h .is t aspase- I, •(>,

and -7, either directly (by proteolytii proe essing), or induce tly by i leaving Hid, a IU 1-2

family member. Bid also activates the mitochondrial pathway by permeabili/ing the

mitochondrial membrane.'^' Once activated, the downstream or effector caspases

fragment cellular proteins resulting in orderly dec onstruc tion of the < ell. 1 "he effec tor

caspase-1 cleaves the inhibitory subumt ol theendonuc lease K.AI), whidi leads to acti-

vation of CAD and fragmentation of nuclear DNA.'-' ' '•"'

M I T O C H O N D R I A L M E D I A T E D P R O G R A M M E D C E L L D E A T H ( I N T R I N S I C

PATHWAY)

In the mitochondrial pathway, the central event is the translocation of cytochrome c,

AIF, and endonuclease G from mitochondria to the cytoplasm (Figure 1).'^' This

pathway is initiated by death stimuli lh.it ine lüde is( hernia and reperfusion, oxidative

stress, genotoxic stress, UV radiation, chemolherapeutic agents and calcium excess.

Once in the cytoplasm, cytochrome c binds Apaf-1 stimulating its oligomeri/alion anci

the subsequent recruitment of procaspase-9 into a large complex termed the

apoptosome. Following its activation, caspase-9 activates downstream effec lor

caspases. The death receptor pathway and mitochondrial pathway are linked by Bid,

which is cleaved by caspase-8 following death receptor activation. Subsequently, the

carboxy fragment of Bid, termed tBid, translocates to the mitochondria where it inserts

into the outer mitochondrial membrane and stimulates cytochrome c release through its

interactions with Bax and/or Bak, which are pro-apoptolic proteins. Bcl-2 and He l-xl,

anti-apoptotic proteins, which are also components of the outer mitoe hondrial

membrane, inhibit cell death indirectly by competing with Bax and Bak for tBid and

possibly through their direct interactions with Bax and Bak. '^ Other inhibitors include

ARC or FLIP (inhibitor of caspase-8 activation), and XIAP or related proteins (inhibitors

of caspases-3 and -9). When apoptosis is induced, in addition to e ytochrome c,

SMAC/Diablo is also released from the mitcjchondria and binds to XIAI' precluding its

inhibition of caspases. (Personal communications Dr. Kicharei Kitsis, Albert Linslein

College of Medicine, New York, NY).
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Figure 1 On the left side the extrinsic pathway is depicted, on the right side the intrinsic pathway of
.ipoplosis induction is shown.

STRATEGIES FOR INTERVENTION IN THE CELL DEATH PROGRAM

Many viruses have developed strategies for blocking apoptosis, to prevent infected cells

from committing suicide before the virus has had a chance to multiply. Some viruses

produce proteins that bind to caspases and block their activity. '-"" ' " Although these

can be used experimentally to inhibit caspases, they are too large to enter cells, and one

has either to inject them into the cell or to introduce the genes that encode them. A more

convenient strategy is to synthesize modified small peptides that can enter cells and

block the active site of caspases. '^ Such inhibitors are now widely used by cell biolo-

gists: they not only block most forms of apoptosis in cultured cells, but also some forms

of apoptosis in experimental animals. Whether they wil l be useful in human disease

remains to be seen.

In neurodegenerative diseases, such as Parkinson's and Alzheimer disease, where nerve

cell loss occurs slowly, it is still unclear if the affected cells die by apoptosis and, if they

do, whether it would be helpful to keep them a l i v e . * " " * " ' " ' " "
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In cancer the goal is the opposite, that is, one would like drugs that will activate

apoptosis in tumors. Most of the cell-killing anti-cantor drugs used tod.iv woik at least

partly in this way. Unfortunately, they also affect normal tells, which is win lhr\ i .in

have such severe side effects. The challenge is to find ways to kill cam <>i i elk spei ili-

cally. The death program is often regulated abnormally in c.in< n . rIK Im instance,

Bcl-2 or other apoptosis inhibitors may IK* increased, or the |> > I gene may be mac l i-

vated by mutation. However, the death program ilsell never seems to be completely

inactivated in cancer cel ls.»M2.44.106,I.17-MI

A major difficulty in the anti-apoptotic treatment of mync.irdi.il infarction mav be that

damage occurs very rapidly following roporluxion.'''' I'aradoxu ally, il h.is been

observed that opening the infarct related artery is a major trigger for inducing cell death

in the heart. The ideal drug to prevent myocardial cell loss during myoc ardial infarc-

tion, therefore, has to reach the myocardium rapidly following reperfuxion and in a

sufficiently high concentration. This is hampered by the tact that lepertuxion is otten

incomplete, which prevents the build-up of sufficient concentration of the i ompound

to prevent cell loss/-'^-'7.'44-145 Another concern is that compounds that inhibit the

cell death program could theoretically facilitate the formation of tumor cells, since

escape from cell death could provoke the development of a tumor cell. I his issue is

hard to study, since there may be a considerable delay between the formation of a

pre-cancerous cell and the outbreak of cancer. Together, the ideal heart-salvaging drug

should reach the injured myocardium rapidly and remain locally in a high enough

concentration, minimizing the risk of developing cancer.
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CHAPTER 2

GENERAL INTRODUCTION:

DETECTION OF APOPTOSIS
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In this chapter, we discuss conventional techniques to detect apop>sis, such as DNA
laddering and the TUNEL assay. Next we will discuss the use of /inexin-A5 tor the
detection of apoptosis /n v/fro and introduce the possibility to u? Annexin-A5 for
detection of apoptosis /n vivo.

2.1. DETECTION OF APOPTOSIS IN GENERA.

The original techniques to measure apoptosis employed the erly definition of
apoptosis based on morphology. During the last decade, techiques have been
extended to biochemistry, molecular biology and immunology dueo our expanding
knowledge about the molecular mechanisms of apoptosis. These techiques have been
applied to detect apoptosis in a wide variety of diseases. Exampk of detection in
cardiovascular disease are given in Table 1. Despite our increasing isight in the initia-
tion and decision phases of apoptosis, most of these techniques ar&ased on what is
happening during the execution phase. The mechanistic concepts othe various detec-

i.t>»"\<*cnhrijues-uiv 'fciveniii". JoW "L? nl\iib next Sections iile utMrent techniques to
detect programmed cell death will be outlined.

2.2. MORPHOLOGICAL CHANGES

2.2.1. LIGHT MICROSCOPY (LM)

The first technique used to detect apoptosis was LM to study the morphology of the cell.
Membrane blebbing, nuclear pyknosis and fragmentation, hallmarks of cells under-
going apoptosis, can thus be visualized on haematoxylin and eosin stained histological
sections. A disadvantage of LM, however, is its low sensitivity especially since apoptotic
cells are rapidly removed from the tissues by phagocytosis, which can be completed
within .10-bO min following the onset of apoptosis. In the myocardium, cells with
apoptotic morphology have been observed incidentally. Hence, it is very well possible
that LM reveals the tip of the iceberg.-"' ""* Another disadvantage is that detailed kinetic
studies on apoptosis are painstaking and cumbersome.

2.2.2. ELECTRON MICROSCOPY (EM)

EM has the great advantage of high specificity. Morphological changes can be detected
on a subcellular level, thereby increasing sensitivity and specificity as compared to LM.
The specific characteristics of apoptosis, such as shrinkage of cells, chromatin conden-
sation, an intact cell membrane and normally shaped mitochondria can be visualized in
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Table 1 Examples of cardiovascular entities in which apoptosis has I

Cardiovascular entity

Vase u/df wj / l

Atherosclerosis

Diabetes

Hypertension

Vascular allograft rejection

Vascular development

Vascular remodeling

Vascular restenosis

Myocardium

Acromegalic cardiomyopathy

Arrhythmogenic right ventricular cardiomyo-
pathy

Cardiac allograft rejection

Cardiac development

Cardiac disease in Down Syndrome

Cardiac hibernation

Cardiac preconditioning

Cardiac remodeling

Cardiac reperfusion injury

Chagasic myocarditis

Congenital AV block

Dilated cardiomyopathy

Heart failure

Hypertensive heart disease

Myocardial infarction

Transplant coronary artery disease

Viral myocarditis

Method*

p Mb. £ 147-14«

A,G'*>
£ 1I7.IJI. Jj Ml

p IW. Q 1*9.1 M

C ' « • ' " ; ! I M . c ; " - '

A ' " : G ' * ' - ' "

t . i.

A, G ' » " • " "

A I M . n *<•; i " • ' "••• ( '

D, F ' " , G ' " ' * '

G'*"
^ 169 £ 170 Q H.M.170

B , G ' "
(^ 172,173

A , C , G ' "
ŷ  175 g I7(, Q 17S, 17b

A ' "
C.17B

g 61 {- 173,17') Q 61,171.17«*

G""

A '", G "••"»

F, G '«"

B, D " " , G '*2,i8.i

•Method: A: microscopy; B: cytoplasmic changes; C: DNA laddering; D: caspase activity; E:
membrane permeability; F: membrane changes; G: DNA strand break labeling.

great detail. The cumbersome workup of the material and the limited number of cells

that can be studied, make it unsuitable for routine use. Therefore, EM is considered to be

a valuable, specific and sensitive, but merely a qualitative methodology for the detec-

tion of apoptosis.'^*



Table 2 Overview of techniques used to detect apoplosis

Technique

Morpho/og/ca/ changes

Light microscopy

Electron microscopy

Flow cytometry

Cytop/asm/c changes

Caspase activity

Calcium flux

Mitochondrial dysfunction

DAM fragmenfatfon

DNA laddering

DNA content by flow cytometry

DNA strand break labeling

Membrane a/leraf/ons

Membrane permeability
Membrane changes

Specimen

Fixed tissue

Fixed tissue

Intact cells

Fixed tissue

Lyzed cells

Intact cells

Intact cells

Lyzed cells

Homogenized tissue

Fixed cells

Fixed tissue

Intact cells

Intact cells

Intact tissue

Use

In vitro

In vitro

In vitro

In vitro

In vitro

In vivo

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vivo

Pro

Preservathn of histological context

All phase of apoptosis

Golden sbndard

High specficity

Rapid ant quantitative analysis

High specficity

Early phas of apoptosis

Rapid andquanttutrve analysis

Pjwervaticn of histological context

Late phaseof apoptosis

All phases of apoptosis

Contra

Late phase of apoptosis

Tedious procedure

Low specificity

Population based information

Low specificity

Low specificity

Late phase of apoptosis

Population based information

Late phase of apoptosis

Late phase of apoptosis

Phagolysosomal staining

Stains also normtir rplU

Stains also necrotic cells

In vivo molecular imaging

nz>
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2 . 2 . 3 . F L O W C Y T O M E T R Y (FC)

FC enables the analysis of a relatively large number of cells on a per cell basis in a short
period of time. Assay-required manipulation of cells is in most cases restricted to .)
minimum. As the apoptotic cell shrinks (in contrast to the necrotic cell which shows
swelling) and subsequently condenses, the forward si attei dot roasos anil sideward
scatter slightly increases.'*•* FC can be performed on cultured non-adherent as well as
adherent cells. In general, cells have to be in suspension for analysis. This feature limits
its applicability as a routine technique. FC is theroforo .in excellent tool for /'» wfro
studies but not suitable for the detection of apoptosis in tissues, since it l.uks the
histological context.

2 . 3 . C Y T O P L A S M I C C H A N G E S

The apoptotic process causes a dramatic change in the bitK hemistry of the cytoplasm.
Some cytoplasmic parameters have boon found to bo useful markers for the deiet lion of
the apoptotic process. These im lüde the dotottion of koy stops in the signalling ol the
apoptotic program such as activation of caspases, and "de novo" antigens, which arise
from proteolytic action of caspases. In addition detection of biochemical changes such
as an increase in Ca-+-ion concentration, and release of mitochondrial proteins into the
cytosolic compartment are used as markers for the presence of apoptosis.

2 .3 .1 . C A S P A S E A C T I V I T Y

Caspases constitute a family of cysteine proteases that cleave target proteins at an
aspartate residue in a recognition sequence. "'•'"'' Currently, various fluorogenic and
chromogenic substrates are available for different active caspases. Most of those
substrates are cell impermeable and require cell and tissue homogeni/ation to measure
the caspase activity.""' These substrates are in general not specific for individual
caspases. This makes it difficult to attribute fluorogenic and chromogenic activity to one
specific caspase. Caspase activity can also be measured by immunohistochemical tech-
niques using antibodies against neoepitopes, which arise from proteolytic activa-
t ion. '" '" '" ' ' Caspase activity can also be detected immunologically by using anti-
bodies, which recognize only the cleaved substrates of caspases. Recently, antibodies
were described that recognize caspase-cleaved cytokeratin 18 "•'•'"'', actin "" ' and
PARP.'"'' These immunological approaches require fixation of the specimen and are
therefore not suitable for ;n v/vo assessment.
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2.3.2. CALCIUM FLUX

Activation of the apoptotic pathways is in most cases associated with an increase in
cytosolic Ca^* concentration. Such an increase can be measured by using Ca-* indica-
tors like fura-2.'""' A drawback of this technique is that the rise in cytosolic calcium is
not exclusive for apoptosis and can also be associated with the activation of a variety of
signaling pathways, which do not lead to the execution of apoptosis.'"' Furthermore, a
lack of sensitivity has been observed, because apoptosis may proceed in the absence of
Ca^* changes.'"^ Finally, it has to be said that the currently available indicators are only
useful for /n wfro assays.

2 . 3 . 3 . M I T O C H O N D R I A L D Y S F U N C T I O N

A decrease in mitochondrial membrane potential is an early feature of apoptotic cell
death and is considered to be close to the point of no return in the apoptotic program.
The mitothondrial potential can be measured by a variety of fluorescent probes, which
accumulate in the mitochondrion, as a function of the membrane potential. Collapse of
the mitochondrial membrane potential due to apoptosis, will result in a diminished
ability of these fluorochromes to accumulate in the mitochondria.'"" Moreover, the
translocation of several mitochondrial proapoptotic proteins from the intermembrane
space into the cytosol can be measured. These proteins include apoptosis inducing
factor (AIF) "•••"», cytochrome c "''"'', and procaspase-2, -3 and - 9 . " " ' "
Translocation of these proteins can be visualized immunohistochemically, using
specific antibodies. •'••••''''> The drawback of these approaches may be their low sensi-
tivity, since certain death pathways recently described, circumvent the mitochondrion
and activate the downstream executioner directly.'''"'

2.4. DNA FRAGMENTATION

2 . 4 . 1 . DNA LADDERING

Degradation of nuclear DNA is one of the key features of apoptosis. During apoptosis
activated endonucleases cleave the DNA into fragments of multiples of 180-200 base
pairs. These fragments appear as a DNA ladder on agarose gels.-'"* One limitation of this
technique is the large quantities of degraded DNA required to visualize a ladder pattern.
Selective amplification of DNA fragments by ligation-mediated polymerase chain reac-
tion (PCR) reduces this need.''"' A major disadvantage, however, is loss of tissue
morphology, which renders the localization and identification of apoptotic cells impos-
sible. In some cases apoptosis only generates high-molecular-weight DNA fragments,
thereby lowering sensitivity of this technique.''"
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2.4.3. DNA STRAND BREAK LABELING

The presence of 3' hydroxyl-termini at the DNA strand breaks, characteristic of
endonuclease-cleaved DNA, can be detected by a lalieling reaction with modified
nucleotides, such as biotin-, or fluorescein-labeled dUll ' . I his rr.ution requires
enzymes like terminal deoxynucleotidyltransferase (TdT) or DNA polymerase. The
commonly used techniques are the in situ nick end labeling (ISfcL) technique using DNA
polymerase'-"' and the TdT-mediated X-dUTP nit k end labeling (TUNH) tet hnique
(Figure 1 ).'*' Both techniques stain the nuclei of the cells and vesic les in the tissue.''"'
Recent improvements of the protocol, to exclude the nonspecific staining olCa' ' filled
vesicles and RNA splicing factors, provide more consistent staining results.'"'•'''*' A
limitation is the fact that the TUNEL staining is only positive >4 hours after apoptosis
initiation, which makes it not suitable for experiments ol shorter duration.

2.5. PLASMA MEMBRANE ALTERATIONS

2 . 5 . 1 . MEMBRANE PERMEABILITY

Apoptosis is marked by altered cell morphology while the plasma membrane excludes
the uptake of dyes such as trypan blue and propidium iodide. This phenomenon has
great advantages with respect to specificity, as it allows discrimination between
apoptotic and necrotic cells. Especially, the combined analyses of morphological
changes and nonpermanent dye uptake, due to altered membrane permeability, make
flow cytometric analysis very useful.-'"" However, because of the toxicity of these dyes,
this approach is less suitable for /n wvo detection of apoptosis.

2 . 5 . 2 . M E M B R A N E C H A N G E S

Apoptotic cells express PS on their outer leaflet, which can be measured by
derivatisation with fluorescamine and subsequent analysis of the derivatized, extracted
membrane lipids by two-dimensional thin layer chromatography." ' Furthermore,
incorporation of the hydrophobic dye merocyanine 540 into the cellular membrane
shows a loosely packed membrane, characteristic of apoptotic cells.' " Both features
indicate that the plasma membrane is altered due to the apoptotic process. It is obvious
that the above-mentioned techniques are only suitable for /n wrra analyses.
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2.6. LIMITATIONS OF THE CURRENTLY AVAILABLE

TECHNIQUES

The most important limitation of the techniques described above is nat these methods
measure parameters of the late execution phase of apoptosis (Tabl 2). It is expected
that cells in this phase are removed from the tissue by phagocytosis.Hence, measuring
apoptosis in cardiovascular tissue by these techniques harbors the risk of underesti-
mating this process. It will be of great advantage if techniques an available which
measure parameters that are active at the transition from the decisio to the execution
phase. Also, analysis of only one parameter will in most cases not esult in sufficient
sensitivity and specificity. This can be improved by measuring mulple parameters. A
general disadvantage of the current methods is that they are single ndpoint measure-
ments, whk h do not provide information of the dynamics of the apptotic process in
the tissues.

Most techniques can only be performed after fixation of the materiabr after lysis of the
celfs". With' respect to cardiovascular research' only the lUNtlvlSEL gives information
on the localization of apoptosis in situ. LM and EM are time consuming because, espe-
cially in myocardium, where typical morphological changes are rare. FC requires cells
in suspension whereas assessment of DNA laddering requires cell/tissue
homogenates.-'"' Therefore, there is a need for new methods to gain more under-
standing of the role of apoptosis in physiology and pathology of the cardiovascular
system, with a high specificity and sensitivity which can be used in /n v/fro and in /"n wVo
models with high reproducibility.

2 . 7 . A N N E X I N - A 5 , A N E W M A R K E R FOR T H E
D E T E C T I O N OF A P O P T O S I S

In 1992, Fadok et al. established the fundamentals for a novel apoptosis detection meth-
odology by showing that apoptotic cells expose phosphatidylserines (PS) at their cell
surface."^ This observation triggered us to develop a novel technique to measure
apoptosis using Annexin-A5. The basis of this technique is simple, yet elegant.
Annexin-A5 is able to bind to PS-exposing membranes in a calcium dependent
manner.-"- Conjugation of Annexin-A5 to detectable prosthetic groups, like fluorescein
and biotin, thus allows the detection of cells, which expose PS.' ">, 120,203,204 T^g sensi-
tivity and specificity of the Annexin-A5-based assay depends on the biological proper-
ties of PS, and the physicochemical property of Annexin-A5 to bind to PS. Below, these
two aspects will be addressed in more detail.
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2 . 7 . 1 . PS LOCALIZATION AND (PATHO)PHYSIOLOGICAL
SIGNIFICANCE

The aminophospholipid PS localizes predominantly in membrane leaflets facing the

cytosol as was first shown for erythrocytes and platelets and latei loi inn leated

cells.'21,205,206 jhjs p5 asymmetry of the plasma membrane is generated and main-

tained by an aminophospholipid translocase, which selectively transports amino-

phospholipids from the outer to the inner leaflet, thereby creating a situation in which

PS is exclusively localized to the leaflets facing the cytosul.'*''•-'"'••-'"<>

Blood platelets were the first cells in which it was demonstrated that a change of PS

asymmetry could be caused by the action of agonists like thrombin and ( oll.igen.*'"''

Stimulation of platelets results in a rise of cytosolic Ca-', whic h on one hand inhibits the

aminophospholipid translocase and on the other hand, activates a so-called

scramblase, which scrambles the phospholipid s|x«c ies symmetric ally over the two leaf-

lets.*'"" Within minutes the architecture of the plasma membrane is < hanged sin h that

the platelet exposes significant amounts ol PS at its outer pi.ism.i membrane leallel,

Comparable mechanisms appear to operate during apoptosis giving rise to the cell

surface exposure of PS (Figure 1)." ' ' -"^

2 . 7 . 2 . F U N C T I O N S O F PS I N A P O P T O S I S

Cell surface exposure of PS has a functional significance in the removal of senescent

and dying cells from the tissue. The reticuloendothelial system recognizes PS by recep-

tors and removes PS-exposing cells, like aged erythrocytes, from the circulation.-''" A

similar scavenging system appears to be operational in tissues, where phagocytes

recognize and engulf PS-exposing cells through receptor mediated processes.-'"'*

Hence, surface-exposed PS appears to be one of the signals to communicate termina-

tion of existence to the environment, and fulfills a distinct role in the physiological

process to remove unwanted and superfluous cells from the tissues. It is therefore not

surprising that surface exposure of PS is an event that occurs while the plasma

membrane integrity is not compromised.

2 . 7 . 3 . ANNEXIN-A5 AND ITS BINDING TO PS

Annexin-A5 was originally isolated from the human umbilical cord artery by virtue of its
anticoagulant activity *"', which, in retrospect, can be explained by its binding to and
shielding of negatively charged phospholipids.~""2,2i2 |^ model systems, Annexin-A5
hardly associates with phosphatidylcholine and sphingomyelin (at <5 mM Ca*"*) "--f.202̂

but it avidly binds to PS at 1 mM Ca~"*. This may be explained by the presence of a puta-

tive binding pocket for the phosphoserine headgroup.*''' Once bound to the
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Figure 1 Mci h.mism of Annexin-AS binding u> rhosph.ilidylsonne (red d<»ts) during

programmed cell death.

phospholipid surface, Annexin-A5 forms two-dimensional lattices, which are stabilized
by protein-protein interactions.*'*•*'* Binding of Annexin-A5 to phospholipid
membranes is reversible when calcium ions are chelated. The rates of association and
dissociation suggest that Annexin-A5 does not penetrate the membrane and behaves as
an extrinsic membrane protein.2O2,2if> Altogether, these binding features make
Annexin-A5 an excellent tool to detect cell surface-exposed PS /n v/'rro as well as /n v/Vo
(Figure 1).

2 . 8 . A N N E X I N - A 5 A N D C E L L S U R F A C E - E X P O S E D P S ,
A REVEALING PAS DE DEUX OF APOPTOSIS

Using leukocytes, it was demonstrated for the first time that Annexin-A5 discriminates
between viable and apoptotic cells.' 'M 20,203 indeed, competition experiments, using
PS containing phospholipid vesicles, demonstrated that the binding site for Annexin-A5
on the apoptotic cell comprises PS.*'""' In combination with the vital dye propidium
iodide, it was shown that apoptotic cells expose PS while maintaining their plasma
membrane integrity."*••'-0.203 jj-g Annexin-A5-based assay was first developed for
cells in suspension. Later it was shown that this assay could also be applied to adherent
cell types and in tissues.*'^
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function ofThe Annexin-A5-based assay •"** rapidly increased our knowledge about the fi

PS exposure in the apoptotic process. The accumulated experimental data

towards a position at the transition from the decision to the execution phase, hence

early in the execution phase - ' " before morphological changes of the nucleus can be

detected.-'*' The exposure of PS does not de|M*nd on the involvement of the nucleus,

but requires the activation ol caspase-1 and a I a- ' flux over the plasma membrane.-'^"

Next, it turned out that exposure of PS is under control of the Bcl-2 checkpoint, in case

the mitochondrion participates in the death process.^ These insights weir generated

by /n v/fro experiments using cultured or isolated cells. It was demonsli.itcd thai the

Annexin-A5 assay could IK- used in vivo by injei ting Annexin-A.S-biotin into the blood-

stream of living mouse embryos.^' In vivo Annexin-AS-biotin stains cells in various

phases of apoptosis ranging from the early phase in which no morphological changes of

the nucleus are detected on the FM level, until the late phase with pvknolic nu< letis and

condensed cytoplasm.-'-' The combination ol the Annexin-A'i based .iss.iy and the

TUNEL method revealed the presence of three subpopulalions ol apoplolu tells in

tissues. Firstly, Annexin-A5 positive/TUNEL negative cells which are in the early execu-

tion phase. Secondly, both TUNEL and Annexin-A.S positive cells, wliich .ire in »lie l.iJe

stage of the execution phase, and third, Annexin-AS negative/TUNEL positive cells,

which are located in phagolysosomes.-^ The latter subpopulation reflects cells, which

started to execute apoptosis well before the time point of the experiment. This could

range from hours to days. These data indicate that the Annexin-A5-based assay is the

most sensitive technique to detect ongoing apoptosis.

2.9. AIM OF THE THESIS: MOLECULAR IMAGING OF

PROGRAMMED CELL DEATH USING

ANNEXIN-A5

Based on the fact that Annexin-A5 based imaging protocol is a sensitive an relatively

easy method to detect programmed cell death, we hypothesized that Annexin-A'j might

be valuable, sensitive and specific tool for molecular imaging of programmed cell

death. The term molecular imaging can be defined as the /n wVo characterization and

measurement of biologic processes at the cellular and molecular level. In theory,

labeling of Annexin-A5 with an imaging label, such as a fluorescent probe or techne-

tium, may provide a method for molecular imaging of programmed cell death in living

organisms. When we started the projects described in the thesis, only limited work was

done in this field. Detection of apoptosis in the developing embryo was shown by direct

injection of biotinylated Annexin-A5 in the heart, and subsequent harvesting of various

tissues from the embryo. These data showed numerous Anncxin-A5 positive cells in

areas with a high occurrence of apoptosis. Furthermore, the Annexin-A5 positive cells
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exhibited other hallmarks of apoptosis, as shown by the TUNEL assay .nd EM analysis.
These data indicate that labeled Annexin-A5, when injected into th» bloodstream is
able to reach and bind to apoptotic cells in remote tissue in the deviloping embryo.
Therefore, a first critical step in the establishment of Annexin-A5 as a nulecular imaging
probe was performed. However, for detection of apoptosis in embyos, it was still
necessary to harvest tissue to identify apoptosis.

In (his thesis we propose to further develop Annexin-A5 as a tool for milecular imaging
of programmed cell death in the heart in experimental models and in p.tients. A second
goal was to study unresolved questions in the field of apoptosis in myoiardial ischemia,
using the molecular imaging technology based on Annexin-A5. A firstitep, as outlined
in chapter 3, describes the use of biotinylated Annexin-A5 in the detetion of myocar-
dial cell death in an ischemia and reperfusion model of the mouse he.rt ;n v/Vo. These
data show that biotinylated Annexin-A5 is a relatively easy and reliable detection
method lor programmed cell death in the ischemic heart in mice. Futhermore, these
data showed that Annexin-A5 can be used as an endpoint to evaluate tie efficacy of cell
death inhibiting compounds to prevent in|ury mediated by cardiac ischemia and
reperfusion. In the following study, described in chapter 4, a novel methodology is
described to detect programmed cell death real-time, using optical imaging of the
mouse heart in combination with fluorescently labelled Annexin-A5. These data show
that binding of Annexin-A5 starts within minutes after the onset of reperfusion, and is
completed within 20-30 minutes following the start of reperfusion. These findings
suggest that the cell death program is activated within minutes after the start of
reperfusion following an ischemic episode. In chapter 5 we have used detection of
Annexin-A5 to study the relationship between the point of no return in the cell death
program and the externalisation of PS. Using a brief cardiac ischemia protocol /n v/Vo
we observed that Annexin-A5 binds to cells in the ischemic area, but that these cells do
not die in the subsequent days. In addition, we observed that the binding of Annexin-V
to these cells was associated with activation of caspase-3, which is thought to be one of
the key executioners of the apoptotic program. Together, these data indicate that
c ardiomyocytes can recover from the initiation of apoptosis, if reperfusion is restored
rapidly enough, which provides an entirely novel concept to resurrection of mamma-
lian cells. These data challenge the conclusions of chapter 3 and 4, where it was
suggested that binding of Annexin-A5 indicates irreversible activation of the cell death
program.

In chapters b and 7, the final part of the thesis, we evaluated the use of technetium
labelled Annexin-AS and nuclear imaging in the detection of apoptosis in patients with
cardiac disease. In chapter 6, we report the detection of apoptosis in patients with acute
myocardial infarction. Enhanced uptake of technetium labelled Annexin-A5 was
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observed in the infarcted area on day one, which co-locali/ed with a perfusion delect
seen with perfusion imaging on day 1. These data showed, tor the first time, that In v/Vo
imaging of programmed cell death is possible in patients. In addition, the binding of
Annexin-A5 in the infarcted region suggests that a form of cell death is present in the
infarcted region that may be amenable to anti-apoptotic intervention. The final study,
presented in chapter 7, describes a case study ot the in vivo detei tion ol apoptosis in .in
intra-cardiac tumour, using the Annexin-A5 image technology. Usually, intr.i-« aidiac
tumors present diagnostic and therapeutic problems, since no biopsies can In- taken
from the tumour. Nuclear imaging showed substantial uptake of tochnetium labelled
Annexin-AS in the intra-cardiac region, at the site ol the tumour, mdit ating ol enhaiu cd
programmed cell death. Since most malignant tumours, in contrast to most benign
tumors, exhibit high apoptosis rates, we hypothesized that the tumour would IM« malig-
nant. After surgical removal of the tumor, the immuno-histot hemic al diagnosis indi-
cated a malignant sarcoma. We believe, Irom the lew patients studied, that non-inva-
sive detection of the biology of intra-cardiac masses may be of help to make the correct
diagnosis and to guide therapy.
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ABSTRACT

/nfroducf/on. Phosphatidylserine (PS) externalization is regarded as one of the earliest
hallmarks of cells undergoing programmed cell death. We studied the use of labeled
human recombinant annexin-V, a protein selectively binding to PS, to detect
cardiomyocyte death in an in vivo mouse model of cardiac ischemia and reperfusion (I/R).

Methods and Resu/fs: I/R was induced in mouse hearts by ligation and subsequent
release of a suture around the left anterior descending coronary artery. Annexin-V (25
mg/kg) fused to a marker molecule was injected intra-arterially 30 minutes before
euthanasia. After 15 minutes of ischemia followed by 30 minutes of reperfusion,
1.4±1.2% (mean±SD) of the cardiomyocytes in the area at risk were annexin-V positive
(n=6). This increased to 11.4±1.9% after 15 minutes of ischemia followed by 90
minutes of reperfusion (n=7) and to 2O.2±3.3% after 30 minutes of ischemia followed
by 90 minutes of reperfusion (n=7). In control mice, including those injected with
annexin-V at the binding site of PS, no annexin-V-positive cells were observed. DNA
gel electrophoresis showed typical laddering starting after 15 minutes of ischemia
followed by 30 minutes of reperfusion, suggesting activation of the cell death program.
Intervention in the cell death program by pretreatment with a novel Na"7H+ exchange
inhibitor substantially decreased annexin-V-positive cardiomyocytes from 20.2% to
2.2% in mice after 30 minutes of ischemia followed by 90 minutes of reperfusion.

Conr/us/'ons: These data suggest that labeled annexin-V is useful for in situ detection of
cell death in an in vivo model of I/R in the heart and for the evaluation of cell
death-blocking strategies. (C/rcu/af/on. 2000,702:7564-/56SJ
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INTRODUCTION

To define the therapeutic window of cell death-blocking strategies after ischemia and
reperfusion (I/R) of the heart, detailed information on the linn* frame of c ell death is
needed. Most of the studies evaluating cell death in the heart alter I/K used detection
methods based on the occurrence of DNA fragmentation, such as the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNED assay
and DNA laddering.' "• However, because TUNFl and DNA laddering do not detect
the early stages of cell death, these techniques are not ideal to assess the time Irame of
cell death in the heart after I/R. "* In addition, in vivo detection of cell death is not
possible with TUNEL and/or DNA gel electrophoresis. One of the earliest events after
the triggering of cell death is the externalization of phosphatidylserine (PS) to the outer
leaflet of the plasma membrane of the cell.'' " In a viable cell, PS is expressed only on
the inner leaflet of the cell membrane because of the active transport of I'S from the
outer to the inner cell membrane by an aminophospholipid translocase.'' However,
after activation of the cell death program, PS is externalized rapidly to the outer leaflet
of the cell membrane.'" PS externali/ation is considered to be in (lose relation to the
activation of key players in the cell death program and can be induced by a variety of
cell death triggers.''"'''""''' Detection of PS exposure can be easily achieved by the
phospholipid binding protein annexin-V."'~' We have demonstrated in a number of in
vitro and in vivo studies that annexin-V is a specific marker for the early and late stages
of cells undergoing programmed cell death and that annexin-V is also suitable for the in
situ detection of cell death.'*"""'Therefore, labeled annexin-V provides a tool for in situ
detection of cell death in vivo in animals and also, at least potentially, in the clinical
setting. In the present study, we evaluated the potential of labeled annexin-V to detect
cell death in situ induced by I/R in the murine heart. Furthermore, we determined the
time frame of cell death induction in the early phase of I/R of the heart. In addition, we
tested whether labeled annexin-V is useful in evaluating the effect of cell
death-blocking strategies after I/R.

METHODS

I/R OF THE MURINE HEART IN VIVO

Two-month-old male Swiss mice were anesthetized with pentobarbital (100 mg/kg IP),
and the trachea was intubated perorally with a stainless-steel tube. The animals were
mechanically ventilated with room air. After left thoracotomy and exposure of the heart,
the left anterior descending coronary artery (LAD) was ligated with 6-0 polypropylene
just proximal to its main branching point. The suture was tied over a 1 -mm polyethylene
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tube (PE-10) that was left in place during the planned period of isihemia (15 or 30
minutes). Blood flow was then reestablished by removal of the tube, "he occurrence of
reperfusion could be assessed by the observation of blood flow in epicardial coronary
arteries through the operation microscope. For the delineation of th« area at risk (AR),
colloidal ink (1 rr»L) was injected just before euthanasia of the anima after the planned
reperfusion time (30 to 90 minutes) after reinsertion of the tube inder the ligature
around the LAD. Then the heart was removed for analysis. For each ondition, at least 6
successfully operated animals were used. Sham procedures were dentical, with the
exception of the actual tying of the polypropylene suture. A subgroip of animals (n=7)
received a single intra-arterial bolus of a NaVH* inhibitor (Enip«ride, 3 mg/kg, E.
Merck) before ischemia.

DETECTION OF CARDIOMYOCYTE DEATH WITH LABELED ̂NNEXIN-V

Biotinylated annexin-V (Apoptest-Biotin) and annexin-'-Oregon green
(Apoptest-Oregon-Green) were provided by NeXins Research B* (Kattendijke, the
Netherlands). Biotinylated annexin-V (25 mg/kg) was injected into he carotid artery 30
minutes before excision of the heart. Annexm-v was aiwdys injected during
reperfusion. Biotinylated annexin-V was used for quantification studies. After excision
of the heart and fixation in HEPES-buffered formalin with 2 mmol/L Ca-+ added, routine
processing, and paraffin-embedding, 4-nm-thick sections were cut perpendicular to the
long axis of the heart. This was followed by staining with a standard avidin-biotin
complex kit (ABC kit, Vector Laboratories). Diamino-benzidine was used as the
chromogen. Sections were counterstained with hematoxylin. Control experiments were
performed with the use of biotinylated annexin-V mutated for its binding site to PS in
mice after 30 minutes of ischemia followed by 90 minutes of reperfusion (I/R 30/90
mice, n=6). The kidney was used as a positive control, because annexin-V is cleared by
the kidney and always shows labeling in successfully injected animals. The total area of
annexin-V-positive cardiomyocytes was determined by computerized mor-phometry
(Leica Quantimet 570). Quantitative data are expressed as the percentage (mean±SD) of
the AR staining positive for annexin-V (annexin-V/ARx100%). In a subset of I/R 30/90
animals (n=6), Oregon-green-labeled annexin-V was used for the detection of
cardiomyocyte death by fluorescence microscopy according to a protocol similar to
biotinylated annexin-V injection.

TUNEL A S S A Y

The TUNEL assay (Boehringer-Mannheim) was used for detection of DNA strand breaks
in the hearts. Paraffin-fixed sections were pretreated with 3% HjOi, and end-labeling
was performed with TdT (0.06 U/mL) in TdT buffer containing 40 mmol dig-11-dUTP
for 1 hour. Staining with a standard ABC kit was followed by incubation with
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diaminobenzidine. Nuclei were considered .i|H)ptotic by the presence of dork biowri

staining. As a positive control, we used mouse intestine.

DNA G E L E L E C T R O P H O R E S I S

The presence of nucleosomal laddering in hearts was investigated with a commercial

ligase-mediated polymerase chain reaction assay kit (Apoalert, Clontech). Briefly, DNA

was isolated from tissue samples previously frozen at 27O"(~ bv using a commorci.il

DNA purification kit (Wizard, Promoga) according to the manul.u Juror's inslrui lions.

DNA purity and concentration were determined by electrophoresis through an ().H%

agarose gel containing ethidium bromide, followed by visualization under UV illumi-

nation as well as bv measuring absorbance at 26O/2HO nm. Dophosphorvlalod adaptors

were ligated to 5' phosphorylated blunt ends with 14 DNA ligase (during l<> hours at

1 (>°C) and served as primers in a ligase-mediated polymerase chain reaction under the

following conditions: hot start (72°C for H minutes), 25 cycles (94°C for b() seconds and

72°C for 180 seconds), and postcycling <72"(~ for IS minutes). To confirm that e<|iial

amounts of DNA were used for polymerase chain reaction, an intern.il control using

En-2 primer pairs was performed. Amplified DNA was subjected to gel oloctrophorosis

on a 1.2% agarose gel containing ethidium bromide.

IMMUNOSTAINING FOR I NTR ACYTOPLAS M IC IGG

Immunostaining for IgG was performed to investigate the presence of plasma cell

membrane leakage.''' '" The hearts were removed and processed as described for

annexin-V-biotin detection. Incubation with a rabbit anti-mouse IgG antibody (1:100)

was followed by incubation with biotinylated goat anti-rabbit as the secondary anti-

body. Routine staining with a standard ABC kit was followed by incubation with

diaminobenzidine. As a positive control, mouse hearts subjected to 24 hours of

ischemia were used. Quantitative data are expressed as the percentage of AR staining

positive for IgG (lgG/ARx100%).

IMMUNOELECTRON MICROSCOPY

For analysis by electron microscopy, murine hearts from I/R HJ/90 mice were used

(n=3). The hearts were fixed after annexin-V-biotin labeling of the heart with 2%

paraformaldehyde and 0.2% glutaraldehyde in Apoptest binding buffer. After

sectioning, the samples were sucrose-infiltrated as follows: 1 mol/L sucrose in 0.1 mol/L

sodium phosphate buffer for several hours, followed by 2 mol/L sucrose with 15%

polyvinylpyrrolidone (molecular weight 25 000) in 0.1 mol/L sodium phosphate buffer

for at least 24 hours. The sucrose-infiltrated samples were vitrified in liquid nitrogen.

The vitrified samples were transferred to Eppendorf cups containing methanol with

H
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I % IgQ poM*v» in an» al n*k (AR)

25

20

10

15/30 30/90
Emponde

pretrsatmant

Duration of ischemia and reperfusion (I/R)

Figure 2 Time course of annexin-V (Anx-V)-|>c>Nilive ,incl IgC i-|«>si-
tive cardiomyot ytes after I/K in murine lu\irl. Time rclate<l it« ri'.isi'
of Anx-V-positive.wd lg(i|K)sitiviM .uHiomyi« ylesi .
which can l)e inhibiteti by tni|H)ride i.l

Figure 3 A through C, Cell death is detected by fluorestently labeled annexm-V. Ucljiled pit ture of
I/R=3O/9O mouse heart showsspetific staining of tell membrane of tardiomyocytes (arrows). O, )ust after
euthanasia, whole-heart specimen ex vivo shows uptake of fluorestently labeled annexin-V in AR (small
arrows). Ligature on LAD is still visible (large arrow).
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Figure 4 DNA gel electrophoresis. DNA laddering showing
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Figure 5 Electron microscopy of I/R 30/90 mice hearts. A, Annexin-V immunogold staining. B, Enlarge-
ment of bo\ in panel A. Clear staining of intact plasma membrane can be seen in cardiomyocyte with
oruotk morphology (circles) (2). Neighlxwing cardiomyocyte has normal morphology (1).
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0.5% uranyl acetate at -90°C. After freeze substitution at several temperature stops
(-90°C, -70°C, -50°C, and -3(TC; each step for at least 8 hours), the sample;, wen«
embedded in Lowicryl HM20 (Electron Microscopy Sciences) and polymerized at
-30°C under indirect UV light for 24 hours, followed by direct UV light at ambiont
temperature for 48 hours. The samples were cut into ultrathin sections (-70 nm) by
using a Reichert-Jung Ultracut, followed by immunolaboling tat ambient temperature)
as follows: grids were placed on drops of PBS with 50 mmol/L glycine for 15 minutes,
transferred to blocking buffer (PBS containing 5% |wt/vol] BSA, 10% |vol/vol| newborn
calf serum, 0.1 % |vol/vol| cold water fish skin (CWFS) gelatin (Sigma) and I % |vol/vol|
goat normal serum) for 30 minutes, washed 3 times on drops ot labeling butler (PBS
containing 0.1% |wt/vol| BSA and 0.2% [wt/voll BSA-c), incubated with rabbit
anti-biotin IgG (Chemicon International) for 60 minutes, washed 6 times for 5 minutes
on drops of labeling buffer, incubated with goat anti-rabbit IgG (Aurion) conjugated
with 10 nm gold diluted at 1:20 for h() minutes, washed b times for 5 minutes on drops
of labeling buffer, washed 5 times for 5 minutes on drops of plain PUS, postlixod for 5
minutes on drops of PBS containing 2.5"/o glutaraldehyde, washed once with PBS for 5
minutes, washed 5 times for 2 minutes on drops of Milli Q water (Millipore) and
contrasted with 157o uranyl acetate in 50% ethanol for 10 minutes, followed by a
5-minute lead citrate staining. The labeled sections were air-dried and examined in a
Philips CM 10 microscope at 80 keV.

D A T A A N A L Y S I S

Data are presented as mean±SD. To compare differences between groups, the Student f
test (Bonferroni correction) was performed by using SPSS software.

RESULTS

DETECTION OF CELL DEATH WITH BIOTINYLATED ANNEXIN-V

In hearts from mice subjected to 15 minutes of ischemia and 50 minutes of reperfusion
(I/R=15/30 mice), 1.4±1.2% (n=6) of the cardiomyocytes were annexin-V positive
(Figure 1A and Figure 2). The percentage of annexin-V-positive cardiomyocytes in the
AR increased to 11.4±1.9% for mice subjected to 15 minutes of ischemia and 90
minutes of reperfusion (I/R=15/90 mice) and to 20.2±3.3% for I/R=3O/9O mice (Figure
1 B and 1C and Figure 2). Intervention in the cell death program by pretreatment of the
mice with the novel Na"7H+ exchange inhibitor Eniporide resulted in a substantial
decrease of annexin-V-positive cardiomyocytes in the l/R=30/90 group from 20.2% to
2.2% fP<0.01, Figure 2). Annexin-V-positive cells could easily be identified as
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cardiomyocytes by their characteristic morphology. Annexin-V-paitive cardio-
myocytes exhibited selective staining at the cell membrane (Figure 1D cell 11 and 1E
and Figure 3A through 3C). Some punctuated staining could also be observed, which
likely reflects the staining of the T-tubules (Figure 1D [cell 2]). Annecin-V staining
ranged from staining limited to the cell membrane (Figure 1D [cell 11) to intense
staining (Figure ID [cell 2|), probably reflecting varying stages of cell dath. The injec-
tion of colloidal ink after reocclusion of the LAD enabled us to determine the perfusion
area of the LAD (the AR). Annexin-V-positive cardiomyocytes were foind only in the
ischemic area, devoid of ink (Figure IF, open arrow). In areas that st.ined with ink
(Figure 1F, closed arrow), positive cardiomyocytes were never observed total of n=20).
In control experiments, including sham-operated controls (n=12) and fR 30/90 mice
injected with biotinylated annexin-V mutated for its binding site to PS (n=6), no positive
cardiomyocytes were found. In the kidney, used as a positive control, clear
annexin-V-positive tubular epithelial cells were observed (Figure 1H). "o quantify the
extent of cells with plasma membrane leakage in relation to the extert of annexin-V
binding, we used IgG immunostaining (Figure 1G). The percentage »f IgG-positive
cardiomycxytes in the AR was 0.1 ±0.2% for I/R=15/30 mice, 1.0±0.7°* for I/R=15/90
mice, and 3.9±3.4% for I/R 30/90 mice (Figure 2). In mice pretreated'with the NaVH*
exchange inhibitor, no IgG staining could be ob-served for l/R=30/90 mice (Figure 2).

D E T E C T I O N O F C E L L D E A T H W I T H A N N E X I N - V - O R E G O N

G R E E N

Detection of cell death with annexin-V-Oregon green was tested in l/R=30/90 mice.
Evaluation with fluorescence microscopy showed binding of the annexin-V-Oregon
green complex to the membranes of cardiomyocytes in the AR (Figure 3A through 3C).

D E T E C T I O N O F DNA F R A G M E N T A T I O N

In cardiac specimens obtained from I/R 15/30 mice, some laddering of DNA could be
observed (Figure 4). Clear DNA laddering could be observed in cardiac specimens
obtained from I/R 15/90 mice and I/R 30/90 mice. DNA laddering decreased to control
levels in cardiac specimens obtained from I/R 30/90 mice that were pretreated with
Eniporide. Some background laddering was observed in cardiac tissue obtained from
sham-operated animals (controls). Detection of DNA fragmentation in situ with TUNEL
showed no staining of cardiomyocyte nuclei.

ANNEXIN-V-B lOTIN: ELECTRON MICROSCOPY

For electron microscopic analysis of cell death in I/R 30/90 mouse hearts (n=3), we used
small tissue sections obtained from the AR. Sampling of these tissue specimens was
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guided by biotinylated annexin-V-stained sections from serial sections of the same heart

that were analyzed by light microscopy. Immunogold staining with an antibody against

biotin demonstrated specific staining of the cell membranes of cardiomyocytes with an

oncotic morphology, which had bound annexin-V-biotin during the experiment (Figure

SA and 5B, circles).

DISCUSSION

The present study demonstrates that labeled annexin-V provides an alternative method

to detect cell death in situ in an I/R model of the heart in mite. In addition, these data

suggest that annexin-V may be a useful tool to evaluate cell death-blocking strategies to

prevent l/R-induced injury in the heart. After 15 minutes of ischemia followed by 10

minutes of reperfusion, annexin-V-positive cardiomyoc ytes could already be observed

in the AR. Because PS expression and subsequent binding of annexin-V are, at least in

vitro, downstream from the activation of executioner caspases, such as caspase )

(YAMA/CPP32), our data suggest that activation of the cell death program beyond the

point of no return may already have occurred in these ce l ls . ' - ' ' ' bxtending the

reperfusion time to 90 minutes resulted in a marked increase in annexin-V-positive

cardiomyocytes. Further extension of the ischemic period to 30 minutes increased the

percentage of annexin-V-positive cardiomyocytes in the AR to 20.2%. Intervention in

the cell death pathway by a novel NaVhT exchange inhibitor, Eniporide, decreased the

number of annexin-V-positive cardiomyocytes substantially. These dala suggest that

labeled annexin-V detects cells that have turned on an active cell death program, whic h

can be inhibited. Activation of the cell death program within cardiomyocytes is also

indicated by fragmentation of DNA in multiples of 200 bp, as shown with DNA gel elec-

trophoresis. However, electron microscopic analysis never revealed cells with the

classic apoptotic morphology as originally described for thymocytes.''* The

annexin-V-positive cardiomyocytes appeared to have an oncotic morphology.

Immunostaining for intracellular IgC, indicative of plasma cell membrane leakage,

showed substantially lower values than the values found with annexin-V staining.'''

Pretreatment of l/R=30/90 mice with Eniporide resulted in the complete absence of

IgG-positive cells, which suggests that the cardiomyocytes with extensive cell

membrane leakage are a result of an active cell death program. Taken together, our data

suggest that rapid and massive cell death occurs in the heart after I/R, which is the result

of an active cell death program, despite the absence of cardiomyocytes with the classic

apoptotic morphology. Therefore, our data support the findings of Buja and Entmann ' "

and Ohno et a i r " who found TUNEL-positive cardiomyocytes and DNA laddering,

indicative of an active cell death program, in the absence of cardiomyocytes with the

classic apoptotic morphology. The present study supports the concept that apoptotic



56 CHAPTER 3

and oncotic mechanisms proceed at the same time within cardiomyocytes after I/R. A
point of debate is the exclusive use of morphological criteria and internucleosomal frag-
mentation of DNA to study a pop tos is in in vivo models of cardiac injury. Possibly, the
morphology of programmed cell death in relative large cells, such as cardiomyocytes
and neurons, may differ from the classic morphological appearance of smaller and
rapidly dividing cells, such as lurkat cells.-'' The limitation of using morphological
criteria is also suggested from in vitro studies, which showed a change from
Bax-induced apoptotic cell death to membrane-permeability cell death, when caspase
activation blockers are used.-" In addition, necrotic cell death and apoptotic cell death
may share common biological pathways.-'' Therefore, for development of cell
death-blocking strategies in the heart, it may be more efficient to focus on the under-
standing of biochemical pathways of cell death rather than to study the morphology of
dying cells.

In conclusion, our data show that labeled annexin-V is a valuable marker tor the in situ
detection of cell death induced by I/R of the mouse heart and is useful in the evaluation
of cell death-blocking strategies. Our data obtained with annexin-V-Oregon green
support the ide.i th.it in vivo imaging with labeled annexin-V is possible. In a limited
number of mice, detection of fluorescent annexin-V was performed in vivo, with the use
of an operation microscope with fluorescence equipment. Annexin-V-positive areas
were observed in the AR (Figure 3D). The specific and massive annexin-V staining of
cardiomyocytes in the AR of the mouse hearts subjected to I/R suggests that in vivo
detection of cell death with labeled annexin-V in patients suffering from an acute
myocardial infarction may be possible. An interesting option may be the use of techne-
tium-labeled annexin-V and detection with nuclear imaging. The data in the present
study provide essential information as to the time of injection of labeled annexin-V and
the time course of binding of annexin-V to PS in the acute phase of myocardial I/R.
Preliminary data on cell death detection with technetium-labeled annexin-V have
shown promising results.-"'
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ABSTRACT

We report a novel real-time imaging model to visualize apoptotic membine changes
of single cardiomyocytes in the injured heart of the living mouse, usin; fluorescent
labeled annexin-V. Annexin-V binds to externalized phosphatidylserine PS) of cells
undergoing programmed cell death. With high-magnification (xi00-10) real-time
imaging, we visualized the binding of annexin-V to single cardiomyoctes. Kinetic
studies at the single-cell level revealed that cardiomyocytes started to biri annexin-V
within minutes after reperfusion, following an ischemic period of 30 rinutes. The
amount of bound annexin-V increased rapidly and reached a maximum \ithin 20-25
minutes. Caspase inhibitors decreased the number of annexin-V-posive cardio-
myocytes and slowed down the rate of PS exposure of cardiomyocytes th; still bound
annexin-V. This technology to study cell biology in the natural envinnment will
enhance knowledge of intracellular signaling pathways relevant for cell-oath regula-
tion and strategies to manipulate these pathways for therapeutic effect.

I N T R O D U C T I O N

The first effort to visualize physiological and pathological processes within the living
organism was made by Wilhelm Conrad Röntgen in 1895. After this, many methods
have followed, including magnetic resonance imaging (MRI) and positron emission
tomography (PET)'. All these methods have in common that the pathological substrate
of disease can be studied at tissue level. However, the biological processes within single
cells of an intact living organism, which form the basis of understanding a disease,
cannot be studied with these techniques. There are numerous tools and techniques to
study processes at the cellular and molecular level /n v/fra. One of the techniques to
study intracellular processes and dynamic signals over time is the use of fluorescent
probes-'. Recent reports demonstrated noninvasive detection of tumors and imaging of
angiogenesis in implanted tumors /n v/Vo in the living animal, using fluorescence-detec-
tion methods '•"*. These model systems may become powerful tools to evaluate poten-
tial anti-tumor therapies. One of these studies showed that with strong green fluorescent
protein (GFP) fluorescence, tumors could be visualized even at a depth of 2.2 mm ' "* ^'.
Using cardiac imaging of the ex v/Vo specimen, we have shown enhanced binding of
annexin-V, labeled with the strong fluorescent probe Oregon Green (Anx-V-OG), to
myocardial tissue of the left ventricle after ischemic injury -\ Annexin-V has strong
affinity for phosphatidylserine (PS), a membrane phospholipid that is rapidly
translocated from the inner to the outer leaflet of the cell membrane following activa-
tion of the cell-death program '\ PS translocation is closely related to activation of key
steps in the cell-death program such as mitochondrial release of cytochrome-C. <'*'• 8̂>
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Figurei Experimental setup. A, Stereomicroscope. B, Fluorescence module*. (!, CCD camera. D,
Computer. E, Heating lamp. F, Heating pad. G, Respiration equipment. H, Micromanipulator.

Here, we report an imaging model system using Anx-V-OG (Fig. 1), which allows anal-
ysis of apoptotic cell-membrane changes at the level of the single cell in beating hearts
of living mice after cardiac injury.

DETECTION OF ANNEXIN-V BINDING AT THE SINGLE-CELL

LEVEL

During ischemia, we observed hardly any binding of Anx-V-OC to the myocardium.
Because Anx-V-OC was given before ischemia, the absence of binding during
ischemia is not due to the lack of annexin-V in the ischemic area. However, soon after
the start of reperfusion of the heart, we observed an area with distinct uptake of
Anx-V-OG in the injured area.(Fig. 2a). In controls, including sham-operated animals
and ischemia/reperfusion (I/R) experiments with Oregon Green-labeled annexin-V
mutated for the binding site to PS, no uptake was seen. At high magnification
(x100-160), binding of annexin-V to rod-shaped cells was visible, which suggested
binding of annexin-V to single cardiomyocytes. To strengthen this observation, we
injected propidium iodide in the reperfusion phase, which specifically binds to DNA,
but can only enter cells when the plasma membrane is permeabilized. In rod-shaped
cells showing binding of Anx-V-OG to the cell membrane, we observed propidium
iodine staining of two nuclei per cell, which is characteristic of murine cardiomyocytes
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(Fig. 2b). In addition, we measured the size of the rod-shaped cells by smultaneous
imaging of a caliper. This revealed that the length of the rod-shaped cells was approxi-
mately 70 urn, which is compatible with the size of murine cardiomyocytes. At maximal
magnification (x160), binding of annexin-V to the site of the cell-cell junction was
observed »n v/Vo (Fig. 2c). Post-mortem analysis of annexin-V binding to individual
car-diomyocytes showed similar images as obtained with real-time imaging(Fig. 2dand
e). We observed no binding of Anx-V-OC to other cell types than cardiomyocytes. As
we previously observed that the binding of annexin-V to cardiomyocytes within the
area at risk starts in the mid-myocardium, a short axis slice was analyzed pcst-mortem\
This showed that annexin-V binding was restricted to the mid-myocardium of the left
ventricle «it a depth of 0.1-0.4 mm (Fig. 20 and not at the epicardial or endocardial
layers. In experiments done without repeated administration of adenosine, there was a
similar extent of Anx-V-OG binding to the myocardium. Together, these data indicate
that this model imaging system allows the study of binding of annexin-V t i individual
cardiomyocytes in the beating heart of the living mouse following cardiac injury.
Kinetics of .innexin-V binding. At the tissue level, hardly any binding of Anv-V-OG was
seen during the isc hemic period of 30 minutes Cn =5, Fig. ?a and b). However directly
after reestablishment of blood flow, cardiac tissue in the area at risk of the left ventricle
started to show binding of Anx-V-OG (Fig. Jc-f), which showed rapid propagation in a
large area of the left-ventricular myocardium. Because in these experiments no glass
plate was used to stabilize the heart, which theoretically could have produced local
circulation disturbances and mechanical damage to superficial cardiomyocytes, the
binding of Anx-V-OG had to be the consequence of reperfusion injury. With high
magnification (xlM), the kinetics of the binding of Anx-V-OG to single cardiomyocytes
was monitored (n = 10). These results show that binding of annexin-V to the individual
cell started within minutes after the onset of reperfusion and reached a maximum level
within 20-25 minutes (Fig. 4a-e). Fig. 4/" shows a representative graph of Anx-V-OG
binding to four different cardiomyocytes obtained from one experiment. The graph
allows the calculation of the rate of PS exposure as the increase in relative fluorescence
intensity per minute. The mean rate of PS exposure was 4.9 ±0.6% per minute (mean
±SD.; n = 10). These results show that the kinetics of PS exposure by single
cardiomyocytes is rapid and kinetically invariant. To rule out that the saturation curve
of Anx-V-OG binding was the result of pharmacokinetic behavior of Anx-V-OG, we
injected Anx-V-OG 60 minutes after the onset of reperfusion. This showed a saturation
of cardiomyocytes with Anx-V-OG within one minute. Given that these cells had
maximal PS exposure, the saturation indicates that the time course of binding of
Anx-V-OG to the cardiomyocytes reflects the kinetics of PS exposure and not the avail-
ability of Anx-V-OG in the injured area. To study whether our system could test the effi-
cacy of cell-death-inhibiting therapy in ischemic cardiac injury, we pretreated mice
with a pancaspase inhibitor (IDN 1529, 10 mg/kg) or a caspase inhibitor with specificity
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Figure 2 /n wVo single-cell imaging, a, Front of Anx-V OG (green) positive Ldrdiomyotytes in the
beating heart of a living mouse after 30 min of ischemia and 90 min of reperfusion (I/R = 10/90). b,
Anx-V-OG positive cardiomyocyte shows two nuclei stained with propidium iodide (red) in the Inviting
heart I I/R = 30/90). c, Anx-V-OG positive intercalated disc in the beating heart (I/R = 30/90). Cost mortem:
d. Histological section of Anx-V-OG positive cardiomyocytes. e, Anx-V-OG bound to cardiomyocyte
cell membrane, f, Short axis section shows Anx-V-OG positivity of cardiomycx ytes in the
mid-myocardium. Scale bars, 50 urn.
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Figure J kmelus ot An\-V-OC binding ,il I he tissue level, a-l. Sequential images obtained with
real-time imaging in the beating murino heart show rapid binding of Anx-V-OG in the whole heart. After
repertusion lc> a rapid increase of binding of Anx-V-OG occurs. I/R times: 14/0 (a), 24/0 (b), 30/1 (c), 30/8
td), 30/21 (c) and 30/46 111
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Figure 4 Kinetics of Anx-V-OC binding at the single-cell level, a-e, Sequential images obtained with
real-time imaging in the beating murine heart show rapid binding of Anx-V-OG to a single
cardiomyocyte during reperfusion. I/R times: 0/0 (a), 23/0 (b), 30/4 (c), 30/12 (d) and 30/23 (e). Arrows
indicate two points on a single cell circumference, f, Graph shows relative fluorescence intensity
in-crease of four single cells with time (I/R, time in minutes). Upon reperfusion (dotted line) a rapid
in-crease of binding of annexin-V is observed, which is completed within 20-2 5 minutes. Different
symbols indicate individual cells.
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Figure 5 (. .isp.ise inhibition decreases Anx-V-OG binding, at . Pretreatment with a caspase blocker
(IDN 1 S2*() leads to a delayed Anx-V-OG binding to cardiomyocytes during ischemia and reperfusion in
the beating niurine heart in srtu. I/R times: 10/0 (a), 30/16 (b), 30748 (c), 30/88 (d), 30/92 (e), and 30/105
(0. Arrows indicate two points on a single cell circumference.
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Figure 5 G, Graphic representation of delayed annexin-V binding to (arriiomycxylov
symbols indicate individual cells. H, Caspase inhibition leads to a decreased number of annexin-V~posi-
tive cardiomyixytes as compared with controls in the area at risk after H) niin of isi hcmi.i .uid '10 min of
reperfusion. * P < 0.01.

lor caspase-b, -8 and -9 UDN 19b5, 10 mg/kg). At the tissue level, we observed a

substantial decrease in annexin-V-positive cardiomyocytes in treated mice. The cells

that still bound Anx-V-OC in the presence of caspase inhibitors showed a delayed start

and a reduced rate of PS exposure (for IDN 1529: 2.5 ±ü .1% per min, mean ± SD, P <

0.05; Fig. 5a-g). To validate the results obtained with caspase inhibitors in the /n v/Vo

system, we tested the efficacy of the caspase inhibitors using histological analysis of

labeled annexin-V showing similar results (Fig. 5h). Caspase inhibition wilh the

pan-caspase inhibitor zVAD also decreased the number of propidium-iodide-positive

cells to a similar extent. Together, these results suggest that the PS exposure and subse-

quent binding of Anx-V-OG to cardiomy-ocytes induced by ischemia and reperfusion

/n v/Vo is downstream from caspase activation. These experiments show that our

imaging system will allow /n v/Vo study of the effect of cell-death—inhibitin^ interven-

tion in the heart.

DISCUSSION

Here we present real-time imaging of apoptotic plasma membrane changes at the

single-cell level in the beating heart of a living animal. This should accelerate screening

of potential inhibitors of cell death in the heart, which would be beneficial for patients

suffering from acute myocardial infarction. In addition, our data provide novel insights

into the kinetics of activation of the cell-death program in the heart following injury.

Visualizing cardiomyocytes at the single-cell level in mice is possible especially
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because the left ventricle of the mouse heart approximately 0.9-1.0-mm thick, which
allows penetration of strong fluorescent signals. Visualization of fluorescent probes ;n
v/vo up to 2.2-mm depth has been reported in a mouse tumor modeM. A recent study
reported that the release of cytochrome-C from mitochondria - one of the kev activators
of the cell-death program - occurs rapidly and is kinetically invariable". That study __
showed that cytochrome-C release always preceded PS exposure. It is therefore J
tempting to speculate that the rapid PS exposure in the heart is the result of the mito- '
chondrial events crucial for the cell-death program. At the tissue level, treatment with
caspase inhibitors decreased the number of cardiomyocytes binding annexin-V. This I
indicates that activation of the cell-death program can be inhibited in a large fraction of -j
tells that would otherwise have died. In addition, in the cardiomyocytes that bound J
annexin-V, we observed a substantial delay in the onset of annexin-V binding to |
car-diomyocytes and a slow saturation curve, indicating that PS exposure /n v/vo is 1
downstream from caspase activation. The question is whether PS exposure in the pres- J
ence of caspase inhibitors is the result of residual caspase activation or activation of a j
slower caspase-indepi'iidi'iil pathway *'. The rapid activation of the cell-death program j
after the start of reperfusion implies that the window of opportunity to use J
cell-death-inhibiting compounds successfully is narrow. The possibility of investigating
membrane alterations of cardiomyocytes induced by cardiac injury at the single-cell
level provides the opportunity to study cell biology in the complex natural environment
of the cell and under clinically relevant pathological conditions. The development of
this kind of imaging techniques will help to rapidly translate major findings in molec-
ular biology to /'/J v/Vo models '". Other applications for this system may be the detec-
tion ot gene expression, homing of stem cells and drug targeting in the heart ^ .̂ More-
over, single-cell imaging may also be used investigate cell biology /n v/Vo in other organ
systems, such as the kidney and the liver. In addition, the possibility to study cell
biology in the natural environment of the cell will increase our knowledge of cell-death
pathways />? wVo, and will advance strategies to manipulate these pathways for thera-
peutic effect.
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ABSTRACT

ßac/cgrounc/. In the developing nematode C. e/egans, cells programmed to die can
recover from apoptosis in the absence of functional engulfment genes. We herein report
that cardiomyocytes can also recover from apoptosis /'n v/Vo following brief ischemic
episodes.

jnc/ resu/fs: Annexin-A5, a marker of apoptosis, binds to cardiomyocytes in
the beating mouse heart after 5-minutes ischemia, indicating externalization of phos-
phatidyl serine (PtdSer). Cardiomyocytes continue to expose PtdSer for at least 6 hours
following ischemia. PtdSer externalization is secondary to activation of caspase-3, and
can be prevented by systemic administration of a pan-caspase inhibitor, zVAD-fmk.
Although caspase activation occurs, neither apoptosis completes nor necrosis is
observed in the ischemic region. In the ischemic cardiomyocytes, Annexin-A5 bound to
exposed PtdSer is internalised within 20 minutes and accumulates in vesicles around
the nucleus. It appears that Annexin-A5 binding to PtdSer and their internalization
accelerates rleararue of PtdSer from the cell membrane. PtdSer exposure following
ischemia in the rabbit could be detected by radionuclide imaging, using techne-
tium-99m labelled Annexin-A5.

Conc/t/s/on: Together, our data indicate that cardiomyocytes programmed to die can
recover from apoptosis in the mammalian heart subjected to brief ischemia. Recovery
from apoptosis in cardiomyocytes may allow development of novel therapeutic inter-
ventions and allow after the fact non-invasive radionuclide imaging of chestpain of
ischemic origin.

CONDENSED ABSTRACT

In the nematode C Elegans recovery from apoptosis has been demonstrated. We report
here that cardiomyocytes can recover from apoptosis in vivo, induced by a brief
ischemic episode followed by reperfusion. Despite activation of caspase-3, a key
executioner caspase, and exposure of phosphatidyl serine, nocardiomyocytecell death
was observed. Furthermore, we show that the temporary exposure of phosphatidyl
serine can be used as an ischemic memory sign for after the fact post-ischemic imaging.

INTRODUCTION

Ischemia is the most important cause of myocardial damage. Since the heart muscle
cells have no significant regenerative capacity, up to 22-46% of patients with myocar-



dial infarction eventually go on to develop heart failure.' Therefore, every attempt to
salvage myocardial damage is of paramount importance. Although it luv Ix-en tradition-
ally believed that during ischemia most cells are lost by necrosis, remit studies have
shown that the doomed cells route through apoptosis.-' We have demonstrated exten-
sive prevalence of apoptosis in acute myocardial infarction by technetium '»'»m Libeled
Annexin-A5 imaging.' Intravenously administered, Annexin-AS binds to saunlrmm.il
membranes of apoptotic cells. During apoptosis, an integral cell membiane
phospholipid, PtdSer, to which Annexin-A5 binds with high affinity, is abnormally exte-
riorized."' Unlike necrosis, cell death by apoptosis should be prone to regulation.''

Recently, recovery from cell death has been reported in the nematode
e/egans, where cells programmed to die can recover from apoptosis in the absence of
functional engulfment genes''"; recovery occurs even after shrinkage of the cells and
activation of CED-3 (a caspase-1 homolog). Although no experimental evidence is
available, a similar recovery from apoptosis has been hypothesized in mammalian cell
systems.** To investigate the likelihood of such a recovery from apoptosis in mammalian
cells, we studied the evolution of apoptosis in mouse and rabbit hearts in response to
ischemic injury; hypoxia and ischemia characteristically induce apoptosis in
cardiomyocytes.**

METHODS

PREPARATION OF R A D I O L A B E L E D A N N E X I N - A 5

Human Annexin-A5 was produced by expression in Escherichia coli as previously
described; this material retains membrane bound PtdSer binding activity equivalent to
that of native Annexin-A5. Hydrazinonicotinamide (HYNIC)-99m Technetium
derivatized Annexin-A5 was prepared as previously described without affecting PtdSer
binding activity.' The radiolabeled material prepared as above had calculated specific
activity ranging from 100-200uCi/ug protein.

SURGICAL INDUCTION OF BRIEF ISCHEMIA I N MICE A N D R A B B I T S

Induction of ischemia was performed as described previously.9 After left thoracotomy
and exposure of the heart, the left anterior descending coronary artery (mice) or circum-
flex coronary artery (rabbits) was ligated for 5 and 10 minutes, respectively, and subse-
quently released.10 After the reperfusion time, the heart was removed for analysis.
Biotinylated or radiolabelled Annexin-A5 was administered intravenously as indicated
in the text. The data presented are based on at least 3 successfully operated mice.
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HlSTOPATHOLOGIC ANALYSIS OF MYOCARDIAL TISSUE

Labeled Annexin-A5 (25 mg/kg, labeled with biotin, Oregon-Green, or Alex-Red) was
injected through a venous line into the jugular vein. After excision of the heart and fixa-
tion in 2% paraformaldehyde and 0.2% glutaraldehyde in 2 calcium containing binding
buffer (Apoptest), routine processing, and paraffin-embedding, 4-um-thick sections
were cut perpendicular to the long axis of the heart. In case of the biotinylated Annexin
A5 this was followed by staining with a standard avidin-biotin complex kit ABC kit,
Vector Laboratories). Diaminobenzidine was used as chromogen. Sections were
counterstained with hematoxylin. The kidney was used as positive control, because
Annexin-AS is cleared by the kidney and always shows labelling after intravenous
administartion.

ULTRASTRUCTURAL ANALYSIS

For electron microscopic analyses, murine hearts were fixed after Annexin-A5-biotin
labelling of the heart with 2% paraformaldehyde and 0.2% glutaraldehyde in Apoptest
binding buffer «ind processed as described above. The samples were embedded in
Lowicryl HM20 (Electron Microscopy Sciences) and cut into ultrathin sections by using
a Reichert-Jung Ultracut. Then immunolabelling was performed with rabbit anti-biotin
IgG (Chemicon International) followed by incubation with goat anti-rabbit IgG (Aurion)
conjugated with 10 nm gold. The labeled sections were air-dried and examined in a
Philips CM 10 microscope at 80 keV.

RESULTS

BRIEF MYOCARDIAL ISCHEMIA LEADS TO PTDSER EXPOSURE

We developed a novel myocardial ischemia-reperfusion model in the beating mouse
heart, based on a previously described infarct model." Under direct microscopic
vision, the LAD coronary artery was occluded to induce 5-minute episode of ischemia
(1-5), followed by 90 minutes of reperfusion (R-90). Biotinylated or fluoresceinated
Annexin-A5 was administered intravenously 10 minutes before completion of
reperfusion to identify apoptotic myocytes.'- The animals were sacrificed and the
hearts harvested at this time for histopathological characterization. Abundant
Annoxin-AS positive cardiomyocytes were observed in the ischemic territory (Fig 1 A).
The binding of Annexin-A5 to the plasma cell membrane of cardiomyocytes indicated
that PtdSer was externalized and that the cell death program was activated.^-'^ To
determine the duration of persistence of PtdSer exposure after a brief episode of
ischemia, we subjected mouse hearts /n w'vo to 5-minute ischemia followed by 180



minutes (I-5/R-180), 360 minutes (I-5/R-360), or 24 hours (I-S/R-24H) of reperfusion.

respectively. Annexin-A5, injected 10 minutes before completion ol repertusinn

showed binding to the plasma membrane of numerous cardiomyocytes in the heart in

both I-5/R-180 and I-5/R-36O groups; no uptake of Annexin-A5 was seen at 24 hours

(Figure 1A). These data indicate that PtdSer exposed by a brief ischemic episode,

persists for at least 6 hours after insult. Histological and histochemical analysis showed

that apoptosis or necrosis did not occur up to 24 hours, even in Annexin-A5 positive

cardiomyocytes, indicating that mammalian cells can escape cell death after PtdSer

exposure.

PTDSER EXPOSURE IS CASPASE DEPENDENT

Apoptosis assays ;n vrtro have shown that PtdSor ox|X)sure is downstream of critical

events in the cell death program such as the activation of caspase-3 and release of

cytochrome-C from mitochondria.'"'•'"• To evaluate the relationship between ischemia

and caspase activation, immunoblotting of caspase 3 was undertaken in I-S/R-'H) hearts

(Figure 1B). The presence of 12 and 1 7 kD split active fragments of caspase-1, indicated

activation of caspase-3; densitometric analysis confirmed a 4-fold iiu rcasc in .u tivation

of caspase-3. To further investigate the involvement of caspase activation in PtdSer

exposure, mice subjected to brief cardiac ischemia received a pancaspase inhibitor,

zVAD-fmk, before coronary occlusion. In these experiments Annexin-AS, uptake was

not seen in the ischemic zone (Figure 1B). The above experiments indicated that PtdSer

externalisation during ischemic injury is mediated by activation of caspases. Although

PtdSer exposure and caspase-3 activation represent commitment of the cell to

programmed death '-'•''>, our data indicate that cardiomyocytes recover from activation

of caspases and PtdSer exposure if reperfusion is restored early. The cell death program

does not ensue if caspase inhibitors are delivered before the ischemic insult.

PTDSER EXPOSURE IS A CONTINUOUS PROCESS

The experiments described above demonstrated that PtdSer exposure persists at least for

6 hours after the ischemic insult. Possible mechanisms for this prolonged PtdSer expo-

sure may include permanent PS exteriorisation at the onset of the insult or a continuous

process during the injury and recovery phase.'**'? To distinguish between the two

processes, Annexin-A5 labeled with two different fluorescent markers was injected

before coronary artery occlusion (Annexin-A5 Alexa-Red) and before the completion of

reperfusion (Annexin-A5 Oregon Green) in the I-5/R-360 model. These data showed the

presence of both Annexin A5-Alexa-Red and Annexin A5-Oregon-Green within the

cardiomyocytes (Figure 2 E-G). This suggests that PtdSer exposure occurred continu-

ously for at least 360 minutes and did not abrogate after the initial externalization of
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PtdSer. This conclusion seems logical, since PtdSer exposure may continue to occur
until activated caspase-3 is exhausted from within the cell. However, the presence of
Annexin-A5 ;n the cardiomyocytes rather than on the cell membrane suggested that the
bound Annexin-A5 is internalized. Moreover, the process of internalization occurs after
10 minutes of binding, since in other experiments (wherein Annexin-A5 was injected
only 10 minutes before completion of reperfusion and harvesting of the heart) was
exclusively localized to the cell membrane.

ANNEXIN-A5 BOUND TO EXPOSED PTDSER IS INTERNALIZED IN
CYTOPLASMIC VACUOLES.

To further study the* kinetics of internalization of Annexin-A5, we injected Annexin-A5
at different time [joints before conclusion of reperfusion in I-5/R-90 experiments.
Annexin-A5 injected 10 minutes before sacrifice of the mouse hearts showed binding
exclusively to cardiomyocyte membranes. However, injection of Annexin-A5 20 or
more minutes before completion of reperfusion showed localization of Annexin-A5
within the < ytoplasmic compartment of the cell (Figure 2A). This indicated that the
PtdSer-Annexin-A5 complex internalized within approximare/y 10-20 minutes after
Annexin-A5 binding. Immuno-electron microscopic analysis with the help of
gold-labeled Annexin-A5 antibodies, showed that internalized Annexin-A5 preferen-
tially localized around the nucleus in cytoplasmic vacuoles (Figure 2A).'" Further anal-
ysis showed that the internalization of Annexin A5 is the result of invagination of the
plasma membrane and the subsequent formation of Annexin A5 containing vesicles
(Figure 2 C,D). Although clearance of PtdSer may be a protective phenomenon for the
cell, the functional importance and the fate of Annexin-A5 bearing sarcolemmal vesi-
cles remains to be understood.

P R O L O N G E D P T D S E R E X P O S U R E M A Y R E P R E S E N T A N I S C H E M I C

M E M O R Y T H A T I S A M E N A B L E T O N U C L E A R I M A G I N G

The data from the mouse model indicated that the window of PtdSer exposure is at least
fi hours following a brief episode of ischemia. Therefore, PtdSer exposure may serve as
a marker of ischemic memory in the myocardium. We reasoned that such prolonged
PtdSer exposure could be potentially used to diagnose recent ischemic events in
patients admitted to the emergency rooms. We and others, have previously shown that
PtdSer exposure in the heart can be non-invasively imaged with radiolabeled
Annexin-A5. '•''•'*' To investigate the potential of imaging ischemic memory in the heart,
we subjected NZW rabbits to ischemic insult by left circumflex coronary artery occlu-
sion for 10 minutes followed by 180-minute reperfusion (I-10/R-180 model).
'•'•'"Tc-labeled Annexin-A5 ""''•-" (12±1mCi with 30-40ug/kg of protein) was adminis-
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Figure 1 Cardiomyocytes recover from apoptosis following ischemia (A) (i) In the first set of

experiments mice were sacrificed after 5-minute ischemia and 90-minute reperfusion and biotinylated

Annexin-A5 was injected 10 minutes before sacrifice |l-5/R-90(10)|. Upon direct immunoperoxidase

staining, Annexin-A5 was localized to the cell membrane, (ii) and (iii) demonstrate reperfusion for 180

and 360 minutes, respectively, with Annexin-AS injected 10 minutes before sacrifice 1I-VK-1MH10),

I-5/R-36OUOII; Annexin-A5 binding continues to be localized to the cell membrane, (iv) At 24 hours of

reperfusion |l-5/R-24H(1O)|, PtdSer exposure is not observed, and no apoptolic or necrotic cells were

observed at 24 hours, indicating that PtdSer exposure following brief ischemic injury did not lead to

execution of cell death.

(B). Caspase inhibition prevents PtdSer exposure upon brief ischemia, (i). In the isthemia-reperfusion

model similar to A, pretreatment with zVAD-fmk results in complete abrogation of PtdSer externalization,

as evidenced by lack of AnnexinA5 binding, (ii). In the model similar to A (i) instant activation of

caspase-3 is seen in the ischemic region. The first lane of the Western blot represents reperfused is< hemic

myocardium and lane 2 represents the normal myocardium; no caspase activation is seen in remote

myocardium. These data were confirmed using densitometry.



Figure 2 Following brief ischemia, bound Annexin A5 is internalized into the cytosol.
Whereas administration of biotinvlaled Annoxin-AS 10 minutes before sacrifice in the S-minute ischemia
and 'K)-minute reperlusion model demonstrated binding to the cell membrane surface |see Fig 1 A(i)|,
administration of Annexin-AS JO minutes before sacrifice demonstrates its localization intracellularly (A).
The intracellular ICH ali/ation by immuno-EM is predominantly confined to in and around the nucleus (B).
Further KM analysis (C) and (D) demonstrates formation of vesicles originating from the cell membrane,
which show abundant Annexin AS presence on the inner leaflet of the vesicle. The vesicles of
Annexin-AS move away from the cell membrane. E-C show the binding and uptake of Annexin
AS-Alexa-Red adminstered before the brief ischemic episode (E), and binding and uptake of Annexin
AS-Oregon-dreen administered IM) minutes after reperfusion and JO minutes before sacrifice (F). G
shows the combined image.



tered intravenously at the time of reperfusion. Animals were killed I hours utter admin-

istration of the radiotracer. Ex vivo imaging demonstrated significant radiolabelfd

Annexin-A5 uptake in the zone of initial ischemia (Figure 3). Annexin-A5 uptake of

0.27±0.16% injected dose/gram in the ischemic region was 9±3 fold higher compared

to 0.03±0.01% in normal myocardium. Moreover, more than 85% of the radioactivity

was recovered from ultra-centrifugally isolated cytoplasmic and organello compart-

ment of the cells, confirming that Annexin-A5 bound to PtdSer was internalized.

Although enhanced uptake of Annexin-A5 had occurred in the ischemic regions, no

histologic evidence of apoptosis or necrosis in the hearts was observed. Together, these

data indicate that PtdSer externalization, which occurs in briefly ischemk myoc ardium,

can be potentially targeted for noninvasive imaging of ischemic myocardium. The data

also confirmed that PtdSer exteriorization can occur without actual loss of

cardiomyocytes.

DISCUSSION

Our data show that brief episodes of ischemia result in PldSer exposure winch normally

lasts for at least 6 hours after the ischemic insult and is related to caspase activation.

Since PtdSer exposure and caspase activation are the hallmarks of apoptosis ''', our data

suggest that cardiomyocytes can recover from apoptosis. The reversal of apoptosis has

been reported previously in C.elegans.'''^ During developmental apoplosis, engulfmenl

genes act in concert with CED-3 in cells destined to die in the anlerior pharynx. In the

absence of activation of theengulfment machinery, such cells showed all the features of

apoptosis, but cell death did not occur; these cells recovered completely and remained

viable thereafter. Our data confirm recovery from apoptosis in mammalian cells /n wVo,

despite activation of one of the key executioner caspases, caspase-3. Other examples of

PtdSer exposure not associated with execution of apoptosis include activation of B cell

lymphoma cells, which in response to cross-linking of the membrane immunoglobulin

receptor stained positive for Annexin-A5, but were able to restore their phospholipid

asymmetry and resume growth upon withdrawal of the stimulus.-^'

It seems that the phenomenon of recovery from apoptosis may be evolutionary

conserved. However, in contrast to the C. e/egans the absence of engulfment gene

activity may not be critical in recovery of cell death in the heart, since phagocytes enter

the ischemic zone only after 24 hours. An interesting aspect of the binding of Annexin

A5 to externalized PtdSer may be that this offers the cells protection from being recog-

nized by phagocytes, since externalized PtdSer is necessary for engulfment of apoptotic

cells and serves as an 'eat me signal'."' Recent clinical studies have shown that plasma

Annexin-A5 levels are elevated in patients with acute myocardial infarction." These
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Figure 3 Fxtern.ilized RdScr allows radionuclide detection of ischemic myocardium.
(A), In a U)-minute ischemia and i-hour reperlusion model in rabbit |l-10/R-180|, radiolabeled
Annexin-A.S clearly delineates the ischemic zone with a 9-fold higher uptake than in the remote
myocardium. The uptake is seen in the gamma image of whole heart and bread-loaf slices (A). No
apoptosis (left) or necrosis (right) was observed in the ischemic zone (B). In the prolonged ischemic model
II-40/R- I8Ü| (data not discussed in the manuscript) (C), apoptosis (left) and necrosis (right) are widely
present. Nix rosis is represented b\ contraction band alteration and apoptosis bv in-situ end labeling.



data suggest that Annexin-AS may serve as an acute phase reactant, which may pmtei t
cells that are susceptible to engulfment. It also seems justified to hy|>othosize that exog
enously administered Annexin-A5 may accelerate intemalization of exteriorized
PtdSer. The data on the intemalization of PtdSer in the presence of Annexin AS indicate
that intemalization is not the result of scrambling of single PtdSer molecules but is the
result of invagination and vesicle formation of the patches of plasma i ell membrane that
expose PtdSer. Together, our data suggest a novel model of PtdSer exposure and
intemalisation, whereby PtdSer exposure is continuously driven by caspase mediated
scramblase activation, whereas PtdSer intemalisation is mediated by formation of vesi-
cles. Cytoplasmic uptake of exogenous Annexin-AS has been previously reported in
animal studies of apoptotic cell death during embryogenesis *', tooth development •**
and prolonged myocardial ischemia.'"The investigators in these studies com I uded that
the intracellular uptake of exogenous Annexin-AS was due to ingestion of apoptotic
vesicles coated with Annexin-A5 by neighboring cells. This met nanism in our model
seems unlikely given the lack of apoptotic or necrotic cells in the hearts of animals
subjected to brief ischemia. A question that remains to be answered is whether (and
how) the Annexin A5 positive vesicles affect the biology within the cell.

Whatever be the purpose of PtdSer and concomitant Annexin-AS intemalization, it
constitutes an attractive target for noninvasive detection of myocardial ischemia as a
'hot-spot' imaging agent in lieu of (or in addition to) stress myocardial perfusion
imaging.-^ Furthermore, persistence of PtdSer externalization for at least f> hours after
ischemic stress may allow retrospective diagnosis of cardiac chest pain and support the
concept of 'ischemic memory'.

In conclusion, our data demonstrate that caspase-3 is activated and PtdSer is exterior-
ized in mammalian cells in response to brief ischemia of the heart. Cardiomyocytes
destined to die recover from the initiation of the cell death program upon restoration of
blood flow. The transient exposure of PtdSer by cardiomyocytes recovering from
apoptosis may serve as an ischemic memory marker, which can be exploited for diag-
nostic imaging. Moreover, Annexin-A5 binding to PtdSer leads to cytoplasmic intemal-
ization of Annexin-A5. The role of Annexin-A5-PtdSer intemalization remains to be
understood.
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SUMMARY

Background. In-vivo visualisation and quantification of the extent and time-fraie of
cell death after acute myocardial infarction would be of great interest. We stdied
in-vivo cell death in the hearts of patients with an acute myocardial infarction'sing
imaging with technetium-99m-labelled annexin-V protein that binds to cells oder-
going apoptosis. Methods Seven patients with an acute myocardial infarction aH one
control were studied. All patients were treated by percutaneous transluminal co»nary
angioplasty (six primary and one rescue), resulting in thrombolysis in myocardial ifarc-
tion (TIMI) III flow of the infarct-related artery. 2 h after reperfusion, 1 mg ann<in-V
labelled with 584 MBq Tc-99m was injected intravenously. Early (mean 3-4 h) ad late
(mean 20-5 h) single-photon-emission computed tomo-graphic (SPECT) images>f the
heart were obtained. Routine myocardial resting-perfusion imaging was also dne to
verify infarct localisation. Findings In six of the seven patients, increased uplke of
Tc-99m- labelled annexin-V was seen in the infarct area of the heart on early ad late
SPECT images. No increased uptake was seen in the heart outside the infarct ara. All

pdllt*iu:> vv uh'u in ecocu \ T-̂ OOf—»JofcmUo .̂;-»r»cmwir'.\/ jirtt.iLo in thp infarrt arfM <;h#ved a

matching perfusion defect. In a control individual, no increased uptake in the heart was
seen. Interpretation Increased uptake of Tc-99m-labelled annexin-V is present in the
infarct area of patients with an acute myocardial infarction, suggesting that
programmed cell death occurs in that area. The annexin-V imaging protocol might
allow us to study the dynamics of reperfusion-induced cell death in the area at risk and
may help to assess interventions that inhibit cell death in patients with an acute myocar-
dial infarction.

INTRODUCTION

In patients with an acute myocardial infarction, cardiomyocyte death occurs in the
infarct area, leading to loss of contractile function of the heart. Several animal studies
have shown that ischaemia of the heart, followed by reperfusion, results in a substantial
loss of cardiomyocytes through apoptosis (programmed cell death). ' " ' This observa-
tion implies that cardiomyocytes in the infarct area might be rescued if efficient
blockade of the cell-death programme is possible. "* In cardiac biopsy samples obtained
from patients with an acute myocardial infarction, DNA fragmentation—a hallmark of
apoptotic cell death—has been shown. "•'' However, since cardiac biopsy samples are
necessary to show DNA fragmentation, information about the extent and time-frame of
programmed cell death is difficult to obtain after an acute myocardial infarction.
Hence, new therapeutic strategies that target myocardial cell death are difficult to assess
owing to the lack of knowledge about the dynamics of cell death early after reperfusion.



One of the earliest events in programmed cell death is the extern^RSion
phosphatidylserine from the inner leaflet of the plasma membrane to the outer leal lei. '
Externalisation of phosphatidylserine is closely related to activation of important
components of the cell death programme, and occurs, at least in vitro, downstream
from the release of cytochrome C by mitochondria and activation of exeiulioner
caspases. "^ We and others have shown that labelled annexin-V, which has a high
affinity for phosphatidylserine, is a specific and reliable Ux)l for the detection of
apoptotic cells under various conditions, including ischaemia and reperfusion in the
murine heart. "*""'' On the basis of these studies, we decided to test radionuclide im.ij;in\;
with technetium-99m-labelled human recombinant annexin-V to visualise i.udi.u it'll
death after reperfusion therapy in patients with an acute myocardial infarction.

METHODS

P A T I E N T S

Seven patients with a first acute myocardial infarction who presented within (> h ol the
onset of symptoms, were candidates for the study. The diagnosis of an acute myocardial
infarction was made by electrocardiographs criteria and confirmed by biochemical
detection of cardiac enzyme release. Six patients underwent primary percutaneous
transluminal coronary angioplasty (PTCA) of the infarct-related vessel, resulting in
thrombolysis in myocardial infarction (TIMI) III flow. In one patient, after unsuccessful
thrombolysis, rescue PTCA was done, resulting in restored blood flow. One healthy
man was used as a control. Since annexin-V is mainly cleared by the kidney, only indi-
viduals with normal kidney function were included. Written informed consent was
obtained from all patients and the control. The medical ethics committee of the Univer-
sity Hospital of Maastricht approved the study.

M E T H O D S

Human recombinant annexin-V (Nexins, Kattendijke, Netherlands) was modified to
annexin V-n-1-imino-4-mercaptobutyl (Mallinckrodt, Petten, Netherlands). After label-
ling with pertechnetate, radiochemical purity was measured by column chromatog-
raphy with a Sephadex PD-10 column (Pharmacia, Upsalla, Sweden) and 1% bovine
serum albumin (Sigma, St Louis, MO, USA) in saline. Radiochemical purity was 79-4%
(SD 3-4). For scintigraphy, 584 MBq (SD 87; 1 mg) Tc-99m-labelled annexin-V was
given intravenously 2 h after reperfusion. All scintigraphic studies were done with
MultiSPECT2 dual-head gamma cameras (Siemens, Hoffman Estate, IL, USA) with low
energy, high resolution collimators, and an energy peak of 140 keV and a window of



88 CHAPTER 6

20%. In each patient, early single-photon-emission computed tomo-graphs (SECTs)
were acquired after a mean of 3-4 h (SD 1 -2), and late SPECTs after a mean of 0-5 h
(1-8) post injection to measure intensity and location of uptake in the heart. Weised a
6464 matrix and 60 angle views, counting each angle for 45 s. Studies wereecon-
structed with a back-projection filtered method, by means of a Butterworth filtewith a
cut-off frequency of 0-55 and an order of 5. Since the SPECT imagig of
Tc -99m-labelled annexin-V showed focal uptake only in the infarction area, rerienta-
tion of the SPECT images as done in routine myocardial perfusion scintigraphy w> diffi-
cult. Therefore, all SPECT studies were converted to transverse slices to compre the
location of Tc-99m-labelled annexin-V uptake with the perfusion defect After
discharge from the hospital, six patients underwent routine myocardial strss-rest
scintigraphy by means of Tc-99m-labelled radiopharmaceuticals (tetrofosiin or
seslamibi), to verify infarct localisation. A three-dimensional reconstruction siiilar to
the annexin-V SPECT reconstruction was applied to compare the localisation^ the
defect in myocardial perfusion and the site of increased Tc-99m-labelled annxin-V
uptake.

RESULTS

We studied five men and two women (table). The mean age was 55-9 years (SD 6-6). In
six of the seven patients, increased uptake of Tc-99m-labelled annexin-V in the infarct
area was seen on early and late SPECT images. Figure 1 shows an example of increased
annexin-V uptake in the anterosoptal area of the late SPECT of a patient with an acute
anterior-wall myocardial infarction (patient 1). Increased annexin-V uptake was seen in
the anteroseptal area on the images obtained 22 h after injection. An example of a
patient with an anterior wall infarction is given in figure 2 (patient 4). Increased uptake
of Tc-9')m-labelled annexin-V can be seen in the anterior wall of the heart on the late
SPECT. Increased uptake of annexin-V was not seen in the heart outside the infarct area.
In all infarct patients, sestamibi imaging 6-8 weeks after hospital discharge showed a
defect that corresponded to the area of increased uptake of annexin-V in all cases
(figures 1 and 2). In the control, no increased uptake of annexin-V was found in the
heart, and a normal sestamibi scintigram was obtained. On early SPECT images (mean
J-4 h alter injection), blood-pool activity was still high, which complicated visualisa-
tion of Tc-99m-labelled annexin-V uptake in the myocardium. The best images were
obtained with late SPECT images (mean 20-5 h after injection).
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Figure 1 Transverse toniogr.iphu images ol aiute antcroscplal inlaulion in patient I
A: Arrow shows increased Tc -99m-lal>elled annexin-V uptake in the antcroM-pl.il legion ^.' h aller

reperfusion. B: Perfusion scintigraphy with sestamibi 6-8 weeks after discharge shows an irreversible

perfusion defect which coincides with the area of increased Tc -99m-lalx*lled .innexin V uptake (arrow),

Figure 2 Transverse tomographic images of acute anterior-wall myocardial infarction in patient 4

A: Arrow shows increased uptake of Tc-99m-labelled annexin V in the infarct area 17-5 h after

reperfusion. B: Perfusion defect on sestamibi perfusion scintigraphy 6-8 weeks after discharge matches

uptake of annexin-V (arrow).
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Patient Sex

1

2

3

4

5

6

7

Male

Male

Female

Female

Male

Male

Male

Ag<

47

65

66

60

54

58

• Infarct

localisa-

tion

Antero-
septal
LAD-mid

Inferopos-
lerior

RCA-mid

Inferior
K( A mid

Anterior
IAD-mid

Ulleiioi
RCA
proximal

Anlerola-
teral LAD
proximal

Inlero-
posterior
CX
proximal

LAD=left anterior descending artery

PTCA

result

TIMI III

TIMI III

TIMI III

TIMI III

i mii'iii"

TIMI III

TIMI III

Maximum
ASAT

concentra-

tion (U/l)

140

41

219

189

. 4 - 1 '

340

479

CX=circumflex artery.

Maximum
CK

concen-
tration
(U/l)

1681

166

2275

1457

,KI1

13 500

4080

Echo result

LVEF 65%,
anteroseptal
hypokinesia

LVEF 61%,
inferior
akinesia

LVEF 70%, no
hypo/akinesia

IVFF "54%
inferior
akinesia

LVEF 50%,
hypokinesia
apex

LVEF 48%,
posterolateral
akinesia

?CA=right coronary artery,
ASAT=asp.utote aminotransferase, LVEF=left ventricular ejection fraction,
transluminal coronary angioplasty, CK=creatine kinase.

Timeo

repei
fusio <h)

50

2-8

2-3

2-3

2-5

j

4-8
i

4 0
1

PTCA=percutaneous

DISCUSSION

Animal studies have shown detection of cell death in vivo with Tc-99m-labelled
annexin-V and nuclear imaging. Blankenberg and colleagues reported detection of cell
death in the heart in a cardiac transplant model in rats. '* Increased uptake of annexin-V
was seen in transplanted hearts, which correlated with the in-vitro detection of DNA
fragmentation by terminal deoxynucleotidyl-mediated- UTP nick-end labelling
(TUNED. We have previously shown that reperfusion of the infarct area of the mouse
heart induces programmed cell death, which can be visualised non-invasively with
Tc-'Wm-labelled annexin-V. ' " '"" These findings triggered us to extend our studies to
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human beings using the annexin-V imaging protocol. In six of the seven patients with an
acute myocardial infarction, increased uptake of annexin-V was seen in the mfarct area
in the heart. No increased uptake was seen outside that area nor in the heart ot the
control. A possible explanation for the absence of increased uptake of Tc-'Wm- labelled
annexin-V in patient 6 may be the fact that this patient was defibrillated because of
primary ventricular fibrillation. This procedure resulted in substantial local skin and
muscle injury in the area of the heart, which may have obscured imaging in the i liest
region. In the patients with increased uptake of annexin-V, myocardial sestamibi
scintigraphy, done after discharge, showed a defect that corresponded to the area of
increased uptake of annexin-V in all cases. Therefore, our data suggest that the
increased uptake of annexin-V is specific and reflet ts binding to cardiomyo« ytes that
have surface-expressed phosphatidylserine, and thus activation of the cell death
programme. The co-localisation of the sestamibi defect and uptake of annexin-V indi-
cates that in the long term, reperfusion is associated with irreversible i ell death in the
infarct area, which is marked by annexin-V early after reperfusion. Siiu e annexin-V is a
dynamic cell-death probe which binds to cells from the early stage of programmed cell
death, its binding probably reflects cell death similar to our findings in the mouse model
of ischaemia and reperfusion. In this model, we saw that annexin-V binding was associ-
ated with the laddering of nucleosomal DNA, which is indicative of activation of the
cell-death programme. Furthermore, intervention in the cell-death programme in our
experimental model substantially reduced the number of annexin-V-positive
cardiomyocytes, indicating that phosphatidylserine externalisation and subsequent
binding of annexin-V are the consequence of an active cell-death programme. '"•'''
However, the morphology of the annexin-V- positive cardiomyocytes in our mouse
model showed characteristics of both apoptotic and oncotic cell death (the stage
preceding necrosis). This finding suggests that a complex and large cell, such as the
cardiomyocyte, may not be able to show the classical morphological characteristics of
apoptosis, as was originally described by Kerr and Wyllie, despite activation of the
cell-death programme. "• This concept is supported by work from Ohno, who found
DNA fragmentation in cardiomyocytes subjected to ischaemia which did not show the
typical apoptotic characteristics. '" Similar findings have been seen in neuronal cells in
experimental models of ischaemia of the brain. '" On the basis of our previous work in
mice, we believe that the uptake of technetium-labelled annexin-V in the hearts of
patients with an acute myocardial infarction is the consequence of an active form of cell
death. However, the question remains whether all the uptake of annexin-V in the heart
reflects ongoing execution of the cell-death programme or whether it is the result of the
presence of necrotic cells that have reached the final stage of cell death. Investigations
of the heart at necropsy would have shed light on this issue, but fortunately, no patient
died because of the infarction or subsequent treatment. Clinical investigations with
cell-death inhibitors in combination with the annexin-V imaging protocol should solve
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this problem. Moreover, this combination would establish the benefit of treating
patients with acute myocardial infarction with cell-death blockers during reperfuson.
The results presented here show the feasibility of monitoring non-invasively the
dynamics of cell death in humans. This technique allows measurement of the efficacy of
therapies targeting cell death, such as anti-tumour therapies, on an individual bisis.
Hence, the annexin-V imaging protocol might contribute to the growing propensry to
base clinical decisions on the biological properties of the individual rather than or the
statistics of a population. '''

CONTRIBUTORS

Leo Hofstra was responsible for the design and coordination of the study, and wrote a
major part of the paper; Ing Han Liem did the SPECT imaging and analysis; E>vald
Dumont analysed annexin-V biodistribution in ischaemic reperfused mouse hearts;
Hcndrikus Boersma prepared the Tc-99m-labelled annexin-V, and Waander van
Heerde prepared the recombinant annexin-V for use in human beings; Reter
Doevendans and Ebo DeMuinck recruited patients and did percutaneous transluninal
coronary angioplasty; Hem Weffens was responsible for management or"patients, Gerrit
Kernink contributed to the SPECT analysis; Chris Reutelingsperger was responsible for
the conception of the study, the preparation of annexin-V for use in human beings, and
the writing of a major part of the paper; Guido Heidendal developed the initial concept
in human beings.

A C K N O W L E D G M E N T S

This study was supported by grants from the Dutch Heart Foundation (NHS 98.195 and
NHS D96.025). We thank M.T. Pakbiers for technical support.

REFERENCES

1. Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL. Reperfusion injury induces
apoptosis in rabbit cardiomyocytes. / C7/7i /nvesf 1994; 94:1621-28.

2. kajstura I, Cheng W, Reiss K, et al. Apoptotic and necrotic myocyte cell deaths are inde-
pendent contributing variables in infarct size in rats, iab /nvesf 1996; 74: 86-107.

3. Fliss H, Gattinger D. Apoptosis in ischemic and reperfused rat myocardium. C/'rr /?es 1996;
79: 949-56.

4. Yeh ET. Life and death in the cardiovascular system. Circu/af/on 1997; 95: 782-86.
5. Veinot IP, Gattinger DA, Fliss H. Early apoptosis in human myocardial infarcts. Hum PafW

1997; 28: 485-92.
6. Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, Voipio Pulkki LM. Apoptosis in

human acute myocardial infarction. G'rcu/af/on 1997; 95: 320-23.



TMB LANCBT

7. Fadok VA. Savill IS, Haslett C. et a I Different populations of macrophages UN either the
vitronectin receptor or the phosphatidylserine receptor to recognise and remove apoptotk
cells. / Immuno/1992; 149: 4029-35.

8. Goldstein |C. Waterhouse N), luin P, Evan Gl, Green DR The coordinate release ol
cytochrome c during apoptosis is rapid, complete and kinetically invariant. Njf Ce// #«>/
2000,2: 156-62.

9. Martin S), Finucane DM, Amarantemendes GP, Ohrien GA, Green DR Phosphatidvkriinc
externalization during CD95-induced apoptosis of cells and cytoplasts requires ICL/i U> f
protease activity, / ß/o/ Chem 1996; 271: 28753-56.

10. Van Heerde WL, Robert-Offerman S, Dumont F, et al. Markers of afwptosis In cardiovascular
tissues: focus on Annexin-V. Carc//ovjsi Re» JCHH); 45: 549-59.

11. Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals ST, van Oers MH. Annexin
V for flow cytometric detection of phosphatidylserine expression on B cells undergoing
apoptosis. ß/ood 1994; 84: 5-20.

12. Van den Eijnde SM, Luijsterburg AJM, Boshart L, et al. In situ detection of apoptosis during
embryogenesis with Annexin-V: from whole mount to ultrastructure. Cyfometry 1997; 29:
313-20.

13. Vermes I, Haanen C, Steffens NH, Reutelingsperger C. A novel assay for apoptosis: flow
cytometric detection of phosphatidylserine expression on early apoptotic cells using
fluorescein labelled Annexin V. / /mmuno/ Methods 1995; 184: 144-51.

14. Blankenberg FC, Katsikis PD, Tait JF, et al. In vivo detection and imaging of
phosphatidylserine expression during programmed cell death. Proc NafMcac/5c; l/S/4 1998;
95: 6349-54.

15. Dumont E, Reutelingsperger C, Van Heerde WL, Smits )F, De Muinck E, Hofstra I..
Cardiomyocyte apoptosis induced by ischemia and reperfusion in murine hearts: early
detection with annexin-V. iancef 1999; 353 (suppl 3): s27.

16. Kerr )F, Wyllie AH, Currie AR. Apoptosis, a basic biological phenomenon with wide-ranging
implications in tissue kinetics, ßr/ Cancer 1972; 26: 239-57.

17. Ohno M, Takemura G, Ohno A, et al. Apoptotic myocytes in infarct area in rabbit hearts may
be oncotic myocytes with DNA fragmentation. C/>ci//af/on 1998; 98: 1422-30.

18. Barinaga M. Stroke-damaged neurons may commit cellular suicide. 5c/ence 1998; 281:
1302-03.

19. Schwaiger M, Melin J. Nuclear medicine: cardiological applications of nuclear medicine.
tanceM 999; 354: 661-66.



9 4



CHAPTER 7

IN VIVO DETECTION OF APOPTOSIS IN

AN INTRACARDIAC TUMOR

L. Hofstra', MD, PhD, E. A. Dumont, M D ' , P. W. L. Thimister, MD^, PhD, G. A. K.

Heidendal, MD^, PhD, A. P. DeBruine^, MD, PhD, T. W. O. Elenbaas'', MD, H. H.

Boersma, PharmD^, W. L. van Heerde^, PhD, C. P. M. Reutelingsperger,

Department of Cardiology', Department of Nuclear Medicine^, Department of
Pathology^, Department of Cardiac Surgery'', Department of Clinical Pharmacy and
Toxicology'' and Department of Biochemistry^

JAMA, 2001; Vol 285 (14): 1841-1842



96 CHAPTER 7

IN VIVO DETECTION OF APOPTOSIS IN AN
INTRACARDIAC TUMOR

We previously demonstrated in vivo imaging of cell death in the myocardia of patients
with acute myocardial infarction using technetium Tc 99m-labeled annexin-V (99m
Tc-p-annexin-V [Apomatel, Theseus Imaging, Cam-bridge, Mass) and nuclear
imaging.' Because high proliferation and apoptotic indices have been reported in
rapidly growing malignant tumors,- information about the extent of apoptosis in the
tumor may also provide insight into the tumor's biology and prognosis. Report of a
Case. A 65-year-old man was referred to our hospital for treatment of a tumor of the left
ventricle (Figure 1). Prior to surgery, we attempted to visualize apoptosis in the tumor
using 99m Tc-p-annexin-V. To localize possible 99m Tc-p-annexin- V uptake, a
thiillous chloride Tl 201 perfusion scintigram was performed simultaneously using a
dual-isotope imaging technique. This imaging protocol showed a large area of
enhanced 99m Tc-p- annexin-V, which localized to the cardiac region, as indicated by
201 Tl perfusion scintigraphy, and resembled the echo-cardiographic image of the
tumor (Figure J). The tumor could not be completely excised, and scintigraphic imaging
of the tumor after surgery showed 99m Tc-p-annexin-V but not 201 Tl activity.
Immunostaining of the excised tumor tissue using a poly-clonal antibody against
annexin-V (Hyphen Biomed, Villejuif, France) showed specific binding of annexin-V to
the plasma membrane of cells with apoptotic morphology (Figure 2). This colocalized
with the presence of activated caspase-3 in corresponding sections (CM1 antibody,
IDUN Pharmaceuticals, La )olla, Calif), suggesting that annexin-V was bound to cells
with apoptosis, which was confirmed by double staining with both antibodies (Figure
2). Histologie analysis of the tumor revealed high-grade undifferentiated sarcoma. The
patient re-fused further treatment and died 2.5 months after surgery. Post-mortem anal-
ysis showed a large intracardiac tumor mass and multiple metastases. Comment. Our
data indicate that 99m Tc-p-annexin-V accumulated in the tumor because it bound to a
large number of cells with phosphatidylserine on the surfaces, which results from
apoptosis.' Because a high apoptotic index is found mainly in malignant tumors and
may be related to poor prognosis, 99m Tc-p-annexin-V imaging may be helpful to
obtain prognostic information about tumors in a noninvasive way.' ^ This could help
select the best therapeutic approach. Another promising application for 99m
Tc-p-annexin-V imaging may be to monitor the effect of antitumor treatment.'' We
observed a large number of apoptotic cells within the tumor, indicating that these cells
still contain essential parts of the cell death program and suggesting that they may still
be susceptible to chemotherapeutic agents. Therefore, this technique may aid diagnosis
and therapy selection in localized malignant tumors.



Figure 1 Imaging Studies ol the Heart: A, Echocardiogram of the heart in short-axis orientation shows a
large tumor in the left ventricle originating from the lateral area (white arrow). B, Thallium perfusion
scintigraphy shows the perfused myocardium of the left ventricle in a short-axis orientation. C, Increased
uptake of technetium Tc 99m-p-annexin-V can be seen (black arrows) within the contour of the left
ventricle on short-axis single-photon emission computed tomographic imaging, using a similar orienta-
tion as the perfusion scintigram.
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In the first part of the thesis we evaluated the ability of Annexin-A5 to etect
programmed cell death ;n wvo during ischemia and reperfusion of the heart. Thesdata
showed that the Annexin-A5 assay is a reliable and relatively easy method to etect
programmed cell death, both in experimental models of ischemia and in patientwith
acute myocardial infarction. Second, we aimed to define the kinetics of progratmed
cell death following ischemia and reperfusion of the heart. With the use of a ovel

optical imaging technology, we observed that binding of Annexin-A5, as a reflecbn of
activation of the cell death program, starts within minutes after the onset of reperfiion.
These data indicate that the cell death program is rapidly activated following ischmia.
Finally, we have tried to address whether Annexin-A5 binds to cells before or aftr the
point of no return in the cell death program, using a brief cardiac injury model, hese
data showed th.it Annexin-A5 binding to cardiomyocytes in the ischemic area en be
observed already after a 5-minute episode of ischemia. The binding of Annexin-A was
associated with activation of caspase-3. Surprisingly however, the cells that took o the
Annexin-A5 did not die, which leads to the conclusion that cardiomyocytes in th area
at risk can recover from programmed cell death if perfusion is restored rapidly enoqh.

Although the findings in the thesis are intriguing, many questions are still unresolved.
First, we only have clues how the Annexin-A5 assay can discriminate between
apoptotic and primary necrotic cell death. Second, we do not know how recovery from
cell death is regulated in the heart following ischemia, and what the clinical signifi-
cance is of this phenomenon. Finally, it is still unclear what the added value of
Annexin-A5 is in patients with acute myocardial infarction. In the following section we
will discuss these questions in relation to the findings in the thesis and we will outline a
strategy to address unresolved issues.

NECROSIS VS APOPTOSIS

The present studies demonstrate that Annexin-A5 provides an alternative and reliable
method to detect cell death in situ in cells ;'n v/'fro and /n v/Vo, both in animal models
and in humans. One of the major points of discussion is the discriminative property of
Annexin-AS between apoptotic and necrotic cell death. We demonstrated in a mouse
model of 10 minutes of ischemia and 90 minutes of reperfusion that 20.2% of the
cardiomyocytes stained positive for Annexin-A5. Immunostaining for intracellular
immunoglobuline G (IgG) was performed to investigate the presence of plasma cell
membrane leakage. Within these hearts, 4% of the cells had internalized IgG, indicative
of primary or secondary necrosis. The same cells also bound Annexin-A5. These results
indicate that Annexin-A5 also stains cells which have a permeable cell membrane. This
raises the question whether the Annexin-A5 binding is to primary or secondary necrotic
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cells. In vitro data show that Annexin-A5 has very low binding capacity to primary
necrotic cells probably due to proteolysis of the PS receptor (personal i ommunkations
C. Reutelingsperger). In secondary necrotic cells, Annexin-A5 has already bound to the
PS receptor. It has been shown that binding of Annexin-A5 to the PS receptor is a stable
complex. When becoming secondary necrotic after initial apoptotic c oil death (eg due
to ATP depletion), Annexin-A5 is still bound to these secondary nee rotit toll remnants.
Taken together the /n wfro data and the data presented in chapter i, suggest that the
Annexin-A5 binding to the cells that also show plasma membrane leakage, as indicated
by the positive IgG staining, are secondary necrotic colls rather than primary necrotic
cells. This is further suggested by the time course of Annexin-AS uptake, which
precedes the uptake of IgG substantially. Therefore, we believe that cardiomyocytes
following ischemia and reperfusion, start out to activate the apoptotic program and
become secondary necrotic during the course of reperfusion. Further evidence for this
thought is provided in chapter 4, in which the kinetics of the binding of fluoresc ontly
labeled Annexin-A5 are visualized in detail following ischemia and rojH'rfusion of the
mouse heart /'n v/Vo, using a novel optical imaging model system. These data show, for
the first time, that the binding of Annexin-AS to the cardiomyocytes in the area at risk
starts within minutes after the onset of reperfusion, and that the binding of Annoxin-A5
is completed within 20 minutes. Since /n v/fro studies have shown that the binding of
Annexin-A5 occurs rapidly after the onset of apoptosis activation, it seems reasonable
to assume that the binding observed within minutes after the onset of reperfusion is the
consequence of the activation of the cell death program. In addition, it is unlikely that
this rapid and massive binding is the consequence of primary necrotic cell death
(Chapter 3).

Further evidence for activation of the apoptotic program as the primary way for the
cardiomyocytes to get killed is provided by the positive DNA gel electrophoresis assay,
which shows laddering, which is typical of activation of the apoptotic program.
Laddering of DNA is mediated by caspase activated DNAse (CAD) which cleaves DNA
at specific sites, resulting in DNA cleavage products with a typical base pair length or
180-200, or multiples. Further evidence for the fact that in the heart following ischemia
and reperfusion cell death starts out as apoptotic cell death is provided in both chapter 3
and 4, showing that inhibition of key steps in the apoptotic program, such as inhibition
of caspase activation, results in a substantial decrease in the number of Annexin-A5
positive cells. This functional approach is supported by other researchers, suggesting
that that the terms necrosis and apoptosis should be redefined as 'passive cell death'
and 'active cell death', respectively, thereby putting emphasis on the pathological and
therapeutic implications and less on morphology. Taken together, the data presented in
the thesis provide strong evidence for the apoptotic nature of cells binding Annexin-A5
in the initial phase during reperfusion, following an ischemic episode.
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ANNEXIN-A5 BINDING IN PATIENTS WITH ACUTE
M Y O C A R D I A L I N F A R C T I O N

In chapter 5 we showed, for the first time that detection of apoptosis using techn«um
labeled Annexin-A5 is possible. Using nuclear imaging, enhanced uptake of te«ne-
tium labeled Annexin-A5 was seen in 6 out of 7 patients suffering from acute my-'ar-
di.il infarction, and undergoing immediate reperfusion therapy. The uptal of
Annexin-A5 could be co-localized to the perfusion defect as seen on perfusion imjing
using MIBI. The data from the studies in animal models suggest that the bindU of
Annexin-A5 following ischemia and reperfusion of the mouse heart in the early statsof
reperfusion is the consequence of activation of the apoptotic program. In later <ges
binding of Annexin-AS may be the consequence of secondary necrosis. How dcxthe
information of the pre-clinical study translate to the studies in humans? One limition
in trying to translate the pre-clinical studies to the studies in humans is the timg of
administration of Annexin-A5 and the timing of imaging. In the studies in huans
Annexin-AS was always given at least one hour after the onset of reperfusion. Irrung

v»u»*Kj(i»rT J ' \ J RvKsvjT^.lotc^Cuirn.tHn.Umyio.'»f-iHmir>i<i!rAtinn of Annf»xin-AS ar the

timing of imaging in humans, it is likely to assume that a larger proportion of the
Annexin-A5 binds to secondary necrotic cells as compared to the experimental models.
One of our recent clinical studies gives some intriguing insight into this discussion. In
that study we compared the amount uptake of Annexin-A5 in the acute phase to the size
of the MIBI defect measured one week after the acute event. Remarkably, in a subset of
patients with short ischemia times the amount of uptake of Annexin-A5 was substan-
tially more than the size of the perfusion defect one week after the acute event. These
data suggest that only a small sized infarction occurred in this patient, despite the fact
that a large fraction of the area at risk bound Annexin-A5. These results indicate that part
of the cells that took up Annexin-A5 did not undergo cell death, but survived after the
restoration of blood flow in the infarct related artery. Along the same lines, one may
argue that even more cells may be rescued from undergoing cell death, if a cell death
inhibiting compound would have been given. This leaves the question whether the
uptake of Annexin-A5 in patients with acute myocardial infarction is preventable by the
administration of novel anti-apoptotic compounds, such as the caspase inhibitors.
However, the only way to prove such a point is to perform a large scale clinical trial,
testing the efficacy of these novel cell death inhibiting compounds. A question that
arises from these clinical data is whether the extemalization of PS, and the subsequent
binding of Annexin-A5, occurs before of after the point of no return in the cell death
program.

The data above indicate that imaging of Annexin A5-technetium provides us with a
valuable research tool to study cell death in patients with AMI. This may help to give us
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information on the timing of intervention with cell death inhibitors. In addition, this way
of imaging may be of help to assess the therapeutic value of anti-apoptotic compounds
in patients with AMI.

Another issue is whether Annexin-A5 imaging provides incremental clinical value at
this point in time for patients with AMI. This would depend on whether Annexin-A5
technetium imaging is going to change the therapeutic or diagnostic management of the
patients with AMI. In cardiology many tools are already available to assess the amount
of damaged tissue, including the electrocardiogram, enzyme release, SPECT of the
perfusion defect and echocardiographic assessment of infant size. At this point
Annexin-A5 imaging could only provide extra clinical information, as will IK- disc ussi'd
later, by using it for for visualizing an area, which has gone through a short lasting
ischemic episode.

A NOVEL PHASE IN THE CELL DEATH PROGRAM:
ESCAPOPTOSIS

The data from chapter 4, showing substantial binding of Annexin-A5 to the area at risk
within minutes after the onset of reperfusion, triggered the question whether all PS
exposure and subsequent Annexin-A5 binding occurs beyond the point of no return.
Based on observations in C Elegans, where recovery from cell death is found in the
absence of engulfment genes, despite the activation of caspase-.3, we hypothesized that
cardiomyocytes may recover from activation of the cell death program if reperfusion is
restored rapidly enough. Using a brief ischemia protocol (chapter 6), we observed that
cardiomyocytes in the area at risk bound Annexin-A5 and activated caspase- 3, without
progressing to cell death. These data indicate that we observed a mammalian analogue
of the recovery from cell death in the C Elegans model. This finding has several inter-
esting implications. First, the finding indicates that some of the binding of Annexin-A5
as seen in our previous studies is not equivalent to activation of the cell death program
beyond the point of no return. Especially in chapter 4, where rapid binding of
Annexin-A5 was observed following the onset of reperfusion, we interpreted this as
being a rapid onset of the apoptotic program, and consequently, only a narrow window
for intervention with cell death inhibitors. Based on the findings of chapter 5, we now
know that especially in the early phase of binding of Annexin-A5 to cardiomyocytes,
following ischemia and reperfusion, cardiomyocytes may recover from activation of the
cell death program. As a consequence, we changed our vision on the meaning of
Annexin-A5 binding. We now believe that in the early phase of activation of the cell
death program Annexin-V binding occurs, which is a probable consequence of activa-
tion of caspase -3.
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In all our studies performed previous to the discovery of PS reversibility, the dogma
existed that all Annexin-A5 positive cells were committed to die. In ;n v/rro systems the
group of Green et al. implicated a strong relation between cytochrome c release and
subsequent PS exteriorization on the outer leaflet of the cell membrane. In contrast,
some of our ;n wVo data show that after a short duration of ischemia, activated
caspase-3 can be upregulated about 2-3 times compared to baseline values, leading to
temporary PS exteriorization, but the cells remain viable. Possibly, this difference is due
to the nature and intensity of the apoptosis inducing stimulus. When exceeding a
certain threshold, inhibitory mechanisms of apoptosis could be overruled
(escapoptosis). These data further suggest that the point of no return is not solely
dependent on the activation of a key step in the apoptosis cascade, but dependent on
exceeding a threshold of key activators that cannot be counteracted by anti-apoptotic
factors.

The key question now is how the activation of caspase-3 is counterbalanced, and how
the cell is saved. One attractive possibility is that the activity of pro-apoptotic proteins is
overruled by anti-apoptotic proteins, such as the family of inhibitors of apoptosis
protein (lAP's). In one of our current projects we aim to find out how the Annexin-A5
positive cells are rescued from execution. These data may provide answers as to how
intervention in the cell death program may have to be designed.

Another intriguing aspect of the recovery of cell death despite the externalization of PS
is the possibility to image cells that have been subjected to ischemia, but do not die. The
fact that the PS positivity extends up to 6 hours after a brief ischemic episode, provides
an attractive window for imaging of these cells with technetium-labeled Annexin-A5.
Our preliminary results indicate that such an approach may indeed be possible. Using
nuclear imaging, we observed uptake of technetium-labeled Annexin-A5 in the area at
risk in a rabbit model, following a 10-minute episode of cardiac ischemia. In line with
the observations in the mouse model, no cell death was seen in these animals. These
findings open up a new avenue for the identification of patients at risk, who are
admitted in the first 6 hours after an episode of chest pain. As such, Annexin-A5 may
provide a new opportunity for after the fact imaging of patients with chest pain.

A final consideration is that we have, for the first time, identified a reversible phase in
the cell death program in mammalian cells. Based on these findings, we propose a
novel differentiation of the phases in apoptosis. In the first phase of cell death the
apoptotic process is initiated, morphologically characterized by no changes in the
nucleus, but biochemically a low increase of activated caspase-3 activation in the cell
and transient PS exteriorization. When the cell death trigger is withdrawn from these
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cells, they will recover completely and regain function (escapoptosis); the inhibitory
mechanisms of apoptosis have prevailed.

The phase of escapoptosis can be added to the 4 modes of cell death as described by
Leist et al. The first mode of cell death is classical apoptosis. This is defined by globular
chromatin condensation in the nucleus, PS exposure, shrinkage of the cell and forma-
tion of apoptotic bodies and is primarily caspase mediated. In tin- second modo,
apoptosis-like-programmed cell death is characterized by lump shaped chromatin
condensation, display of phagocytosis-recognition molecules. In the third mode
necrosis-like programmed cell death is characterized by absence of c hromatin conden-
sation, exteriorization of PS and is not caspase initiated. This route- is also called
'aborted apoptosis'. The fourth mode of cell death is necrosis which is associated with
cellular oedema and devoid of zeiosis.

In ischemia and reperfusion injury in the heart, when the phase ol esi apotosis has been
passed, the cells with low ATP levels switch from apoptosis to secondary necrotic cell
death eliciting a secondary inflammatory response.

Cell death spectrum

Escapoptosis

Apoptosis

Apoptosis like PCD

Necrosis like PCD

Necrosis

CLINICAL IMPLICATIONS

The short term clinical implication of the findings in the present thesis are concentrated
on three different aspects. First, the experimental models may provide a rapid tool for
the evaluation of the efficacy of novel anti-apopotic compounds, such as caspase inhib-
itors. By using these In v/Vo assays a more rapid translation from initial drug discovery to
/n wVo screening of these compounds is possible. This increases, at least in theory, the
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chance of finding the most efficient anti-apoptotic compound to be used in patnts
with AMI. Second, as discussed previously in this thesis, PS exteriorization follaing
the ischemia insult could be used for the after the fact recognition of an short ischmic
insult in the heart. After prolonged duration of ischemia the Annexin-A5 protococan
be used to delineate the affected area in the heart. As the apoptosis mechanin is
thought to last for about 4 hours to reach the point of no return and ischemic meiory
lasts for about 6 hours, the Annexin-V protocol does not seem suitable to be usd as
follow up in apoptosis modulating therapies in the heart.

Third in the field of oncology, Annexin-A5 imaging performed on the day after eat-
ment with pro-apoptotic compounds may provide an early prognostic marker f< the
efficacy of these compounds. The unique property of the Annexin-A5 imaging nrh-
nique to measure therapy-effectiveness within hours, opens the possibility to sitch
swiftly to another therapy regimen inducing higher Annexin-A5 uptake. This strtegy
has already proven effective and is associated with decreased mortality in patierc. At
this moment, a large clinical phase II study is performed, which evaluates the le of

/\rtnexiYM?\41u"u.?T.,4M);''f>«r^vK?iJrt'';Jo/l«".i>rirJnt..'»nticJijront ther,apv irj oatientsvith
non-small cell lung cancer.

FUTURE OF MOLECULAR IMAGING

While the studies in the thesis were performed, substantial progress has been made in
availability of tools in molecular imaging research. There has been a revolution in
genetic engineering and molecular research, unraveling molecular pathways of
disease. Ultimately, this knowledge will undoubtedly result in more effective treatment
and better patient care. In the field of imaging, major progress has been made in terms of
resolution and speed, which only could be imagined a few years ago. Although there is
still room for improvement, today imaging can be performed at almost micrometer
precision. Now there emerges a new challenge to combine these separate worlds to
combine these novel developments and translate them into clinical applications. In the
US, the importance of these developments is identified and this year the National Insti-
tution of Health (NIH) have allocated $70 million and the National Cancer Institute $20
million for molecular imaging research. This research is expected to improve knowl-
edge of molecular mechanisms /n v/vo and lead to improved disease detection.
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R E D U C E D ' L I C E N S E TO K I L L '

Today there is a growing resistance among the general population against the use of
animals in medical research. Researchers have to be responsible to reduce animal
suffering to a minimum. An emerging additional benefit of /n v/vo molecular imaging is,
that the same process can be followed in time within the identical cell in the same
animal. In conventional research methods, animals had to be sacrificed at different
points in time to obtain the same information. These new techniques have the advan-
tage to obtain the same information out of one animal experiment, thereby reducing
animal use and animal discomfort.
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SUMMARY

Myocardial infarction is a major killer in the Western world and continuous to iicrease
in the third world. In the USA alone, 1.5 million people suffer from a myocardia infarc-
tion each ye.ir. During myocardial infarction, cardiac cells in the ischemc area
undergo (HI death. Since the heart has minimal regenerative capacity, many >atients
suffering from AMI develop heart failure, leading to high morbidity and mortalit'. In the
last decade it has become clear that many cells during infarction die from ap>ptosis,
so-called programmed cell death. In contrast to necrosis, or accidental eel death,
upopib.vis' .i>̂  j.hiHti<.t(.'ci/.c(l h,v tjj'htlv orchestrated activation of apoptosis iiducing
proteins and/or enzymes within the cell, which results in the execution of the cell. The
extensive knowledge about the signaling events during apoptosis, generated in the last
decade, provides us with potential targets for intervention. However, application of this
knowledge into clinical therapeutic modalities in patients suffering from acute myocar-
dial infarction is hampered by lack of insight into the regulation and kinetics of
programmed cell death in the heart during infarction. First of all, it is unknown which
proportion of cardiac cells die from apoptotic or necrotic cell death. This question is
critical, since this will determine the potential benefit of anti-apoptotic treatment. An
important aspect in this discussion is that cells undergoing programmed cell death may
not always end up as a typical apoptotic cell, but may also exhibit necrotic characteris-
tics. Second, essential information with respect to the kinetics of cell death is still
lacking. This information is needed to define the duration of efficacy of cell death inhib-
iting therapy. A critical element in the assessment of the duration of efficacy is the defi-
nition of the 'point of no return' and the kinetics of activation of the cell death program
during cardiac ischemia. Finally, before apoptosis inhibiting compounds can be used in
patients, we need to know if, and to what extent, apoptosis occurs in human myocardial
infarction.

When this study was started, the ;n v/Vo assessment of apoptosis was mainly done with
ONA laddering and/or the terminal dUTP nick end-labelling assay (TUNEL). These
methods are hampered by the fact that tissue samples from the organ of interest are
needed to measure apoptosis. As a consequence, the spatial resolution of these methods
is limited. In addition, no ;>) v/Vo imaging can be done using DNA laddering and/or the



TUNEL assay. The aim of our research project was to develop a method to visualize
programmed cell death with high spatial resolution, which could also bo developed as
an in vivo imaging tool. To achieve this goal we started to use labelled Annexin-A5 for
the detection of cell death in an ischemia and reperfusion model in the mouse.
Annexin-A5 is a protein with high affinity for phosphatidyl serine (PS), which is
externalized by cells undergoing apoptosis. In the first project we show that biotinylated
Annexin-A5 is an easy marker to assess programmed cell death in the heart subjected to
ischemia and reperfusion /n v/Vo. Further, in this study we verified that Annexin-A5
binding to cardiomyocytes correlated with other apoptosis measuring techniques, such
as DNA laddering and TUNEL. In addition these data showed that Annexin-AS can be
used to evaluate anti-apoptotic drugs in ischemia mediated injury of the heart in vivo. In
a second study, we developed an imaging mt>del system, which allowed for the first
time to detect binding of fluorescent labeled Annexin-AS at the level of the single cell in
the beating heart of the living mouse. These observations showed that Annexin-AS
binds to cardiomyocytes in the area at risk within minutes after the onset of reperfusion.
These data indicate that the duration of efficacy of cell death inhibiting drugs may have
a narrow time frame. In a third study we attempted to define whether I'S externalisation
in the heart occurs before or after the 'point of no return' in the cell death program. This
study showed that Annexin-A5 binds to cardiomyocytes in the area at risk after brief
episodes of ischemia, but that these cells do not undergo cell death, Intriguingly, the
binding of Annexin-A5 was associated with activation of one of the key executioners of
the cell death program, caspase-3. Together, these results demonstrate that
cardiomyocytes can be resuscitated from initial activation of the cell death program, if
reperfusion is restored rapidly enough. These data provide a novel concept on how the
cell death process is regulated in mammalian cells. In the final part of the thesis we
attempted to visualize programmed cell death in patients suffering from at ute myocar-
dial infarction. Using technetium labeled Annexin-A5 and nuclear imaging, these data
show, for the first time, that programmed cell death can be visualized in the ischemic
area of the heart in patients with acute myocardial infarction. Furthermore, these data
suggest that a form of cell death occurs in human myocardial ischemia that should be
amenable to anti-apoptotic intervention. In a final study we observed that enhanced
uptake of Annexin-A5 can possibly be used to diagnose essential diagnostic information
of intra-cardiac tumors. A high level of apoptosis, and thus uptake of Annexin-A5, is
seen in malignant tumors. Therefore, high uptake of Annexin-A5 in an unknown
intra-cardiac mass may provide essential diagnostic information as to the pathology of
the tumor, which may have a direct effect on the management of the patient.

Together, the studies presented in this thesis provide new insights in the kinetics and
extent of programmed cell death in the heart subjected to ischemia and reperfusion /n
v/vo. This may help to guide anti-apoptotic strategies in patients with acute myocardial
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infarction. In addition, the thesis describes for the first time recovery from cell death in
the mammal heart /n v/Vo. Regulation of recovery from programmed cell death nriay
help to develop novel strategies to prevent loss of cells during ischemia. Finally, the
visualization of programmed cell death ;n v/vo in patients with acute myocardial infarc-
tion, using technetium labeled Annexin-A5, provides a major contribution to the field of
molecular imaging of apoptosis. This technology is close to be used in clinical practice.



SAMENVATTING

Het hartinfarct is de belangrijkste doodsoorzaak in do westerse woreld. Alloon al in do
Verenigde Staten krijgen 1,5 miljoen mensen per jaar een hartinfart t. Bij wn hartinfart t
sterven hartspiercellen in het aangedane, ischemische gebied. Omdat hot hart slot hts
een geringe regeneratieve capaciteit heeft, ontwikkelen veol patiönton na een at uut
hartinfarct hartfalen, wat leidt tot een hogo morbiditeit en mortaliteit. In do laatste 10
jaar is het duidelijk geworden dat tijdens het hartinfart t veel tollen in hot hart dood
gaan door apoptose, ook wel geprogrammeerde celdood genoemd. In togonstolling tot
necrose, ofwel accidentele celdtxxl, wordt apoptoso gokaraktorisoord dtxu eon nauw
gereguleerde en geprogrammeerde activatie van apoptose-inducerende oiwitten en/of
enzymen binnen de eel, wat uiteindelijk resulteert in het afsterven van de cel. De
uitgebreide kennis opgedaan in de laatste 10 jaar over signalering gedurende apoptose
biedt echter mogelijkheden om in te grijpen in dit proces, maar het vertalen van deze
kennis in klinische en therapeutische toepassing bij patienten die con acuut hartinfarct
hebben, wordt bemoeilijkt door het ontbreken van inzicht in de regulatie en de kinetick
van geprogrammeerde celdood ten tijde van het hartinfarct. Ten eerste is het niet
bekend welk deel van de hartspiercellen dood gaan via apoptose of necrose. Deze
vraag is van groot belang, aangezien dit het potentieel voordeel bepaalt van
anti-apoptotische behandeling bij hartziekten. Een belangrijk punt hierbij is dat
hartspiercellen die geprogrammeerde celdood ondergaan niet altijd eindigen als een
typisch apoptotische eel, maar dat deze ook necrotische eigenschappen kunnen
vertonen. Ten tweede is de snelheid van het optreden van celdood, do kinetick, niet
bekend. Deze informatie is nodig om de werkzame periode van celdood-remmende
therapie te kunnen vaststellen. Een kritisch element in de bepaling van deze werkzame
periode is de definitie van het punt van onomkeerbare schade, ofwel het 'point of no
return' en de kinetiek van activatie van het celdoodprogramma gedurende cardiale
ischemie. Tenslotte, voordat apoptose-inhiberende Stoffen gebruikt kunnen worden in
patienten, is het nodig te weten welk aandeel apoptose heeft gedurende het hartinfarct
bij de mens.

Bij het starten van dit onderzoek, werd apoptose voornamelijk bepaald met "DNA
laddering" en/of de "terminal dUTP nick end-labelling" methode (TUNEL). De
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toepasbaarheid van deze methoden is beperkt, omdat weefselbiopten uit het
betreffende orgaan nodig zijn om apoptose aan te tonen. Als gevolg zijn het tijdsverl>op
en de uitgebreidheid ervan niet goed te bepalen. Een additioneel probleem is d^ er
ge£n /n wvo beeldvorming kan plaatsvinden met DNA laddering en/of TUNEL.

Een van de doelen van dit onderzoek was dan ook het ontwikkelen van een meth>de
om geprogrammeerde celdood zithtbaar te maken ;n wvo met een hoge temporel' en
spatiele resolutie. Om dit doel te bereiken zijn we gestart met het gebruik van gelareld
Annexine-A5 voor de detectie van celdood in een model van ischemie en repert'sie
van hot hart in de muis. Annexine-A5 is een eiwit met een hoge affiniteit *oor
fosfatidylserine (PS), een fosfolipide dat op de buitenzijde van de celmembraai tot
expressie komt in cellen die apoptotische celdood ondergaan.

In het eerste project hebben we aangetoond dat gebiotinyleerd Annexine-A5 een g<ede
marker is voor geprogrammeerde celdood in het hart dat blootgesteld is aan ischemie
en reporfusio //7 wvo Daarnaast correleert Annexine-A5 binding met andere apop«se
meettechnieken zoals UNA laddering en lUNtL, waaroi] Annexiiie-AjreuUei leeus in
een eerder stadium aan de apoptotische eel bindt. Hieruit blijkt dat Annexine-A5
gebruikt kan worden om anti-apoptotische therapieen bij ischemisch gemedieerde
schade van het hart /n wvo te testen.

In de tweede studio hobben we een nieuw beeldvormingssysteem ontwikkeld,
waarmee do binding van fluorescent gelabeld Annexine-A5 voor de eerste keer op het
niveau van de enkele eel in het kloppende muizenhart van de levende muis is
waargenomen. Hier wordt aangetoond dat Annexine-A5 binnen enkele minuten na het
begin van de reperfusiefase bindt aan harspiercellen in het aangedane gebied. Verder
laat deze Studie zien dat apoptose remmende therapie effectief is ondanks het feit dat de
werkzame periode van celdood-inhiberende medicijnen in een klein tijdsinterval moet
plaatsvinden.

In oen derde studio hebben we getracht te bepalen of PS externalisatie in het hart
gebeurt vörir of na het 'point of no return' in het celdoodprogramma. Deze Studie liet
zien dat Annexine-A5 tijdelijk bindt aan cardiomyocyten in het aangedane gebied na
een korte periode van ischemie, maar dat deze cellen niet dood gaan. Opmerkelijk is
dat de binding van Annexine-A5 geassocieerd is met de activatie van een van de
belangrijkste apoptose-inducerende eiwitten van het celdoodprogramma, namelijk
caspase-.l. Deze gegevens suggereren dat harspiercellen zieh kunnen herstellen
(geresusciteerd kunnen worden) van celdood, indien de reperfusie snel genoeg wordt
hersteld. Deze gegevens vormen de basis voor een nieuw concept (escapoptose) op
welke wijze het celdoodprogramma gereguleerd is in zoogdiercellen.



In hoofdstuk 7 van dit proefschrift hebben we gepcx>gd oni celdood zichtbaar to maken
in patienten na een acuut hartinfarct. Met Technetium gelabdd Annexine-A"» en
nucleaire beeldvorming konden we voor de allereerste keer laten zien dat
geprogrammeerde celdood zichtbaar gemaakt kan worden in het ischemisc he gcbied in
het hart van patienten met een acuut hartinfarct. Deze bevindingen suggereren dat er
een vorm van celdood optreedt in hartspiercellen die tuegankelijk is voor een
anti-apoptotische behandeling.

In de laatste Studie hebben we gezien dat een verhoogde opname van Annoxine-AS
mogelijk gebruikt kan worden om de pathologie te bestuderen van intra-cardiale
tumoren. Veel apoptose, en dus veel Annexine-A5 opname, wordt onder andere go/ien
in kwaadaardige tumoren. Hoge opname van Annexine-AS in een intra-cardiale tumor
van onbekende maligniteitsgraad kan essentiele diagnostische informativ biedrn over
de pathologie van de tumor, hetgeen een direct effect heeft op de bchandding van do
patient.

Samengenomen bieden de gepresenteerde studies in dil proefschrift nieuwe in/it hten
in de kinetiek en uitgebreidheid van geprogrammeerde celdood in het hart dat
blootgesteld is aan ischemie en reperfusie /n v/vo. Daarnaast wordt in dit proefschrift
voor de eerste keer beschreven, dat hartspiercellen ;n v/Vo kunnen herstellen van de
initiatie van geprogrammeerde celdood. Kennis van de voorwaarden voor herstel kan
ons helpen om nieuwe behandelingsstrategieen te ontwikkelen om celvcrlies
gedurende cardiale ischemie te voorkomen. Het /n wVo zichtbaar maken van
geprogrammeerde celdood in patienten met een acuut hartinfarct, gebruikmakend van
Technetium gelabeld Annexine-A5, is een bijdrage tot moleculaire beeldvorming van
apoptose. Een eerste toepassing van deze technologie Staat nu dicht bij de introductie in
de dagelijkse klinische praktijk.
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